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In recent years, the development of miniaturized devices for analysis and 
manipulation of micro- or nano-bioparticles, such as cells, viruses, and bacteria, is a 
fast growing field in microsystem technology. One of the greatest interests in this area 
is the development of microfabricated dielectrophoresis (DEP) chip which provides an 
effective way to manipulate and separate cells and particles automatically and quickly, 
making possible automatic sample collection, transportation, and preparation. 
Dielectrophoresis (DEP) presents many advantages such as low sample consumption, 
fast analysis time, miniaturization in size, portability, and non-invasive electric 
manipulation of particles. Meanwhile such devices have great potential for 
point-of-care diagnostics, surface-based biosensors, rapid cell and DNA analysis, etc. 
In this thesis, two novel configurations of DEP devices are proposed. The first 
configuration is a DEP system with three dimensional (3D) electrodes, where the 
electrodes formed by heavily-doped silicon also function as micro fluidic channel 
wall. A series of DEP chips with 3D silicon electrodes, including DEP chip with top 
inlet/outlet, DEP chip with lateral inlet/outlet, and DEP chip with two inlet/outlets, 
have been designed, and fabricated. Such devices present the characteristics of a 
device packaged at the wafer level: a silicon die bonded between two cover glass dies. 
One glass die assures the inlet/outlet access for biological sample loading and 
unloading while the other provides the mechanical and electrical connection to the 
electrodes through metallized via-holes. Compared to other devices, these devices 
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eliminate the need for a separate channel wall material and minimize dead volumes. 
The use of silicon electrode eliminates the electrochemical effect that may arise from 
multi-layer electrodes. An important advantage compared to classical DEP devices is 
that a uniform force is generated in the vertical plane so that the particles suspended at 
any height across the same cross-section of channel experience strong DEP force. 
Numerical simulations also found that the temperature rise is 8-10 times lower in 
device with 3D electrodes as compared to those classical DEP devices with planar 
electrodes, which is critical for cell applications. 
Electrostatic modeling, Computational Fluid Dynamics (CFD) modeling, 
electrothermal modeling of the DEP chip with 3D electrodes have been built to explore 
the effects of different geometry parameters of different electrode configurations on 
the motion of particles. Based on the analysis of dielectrophoretic force and 
hydrodynamic force, a new sequential field-flow separation method in a DEP device 
with 3D electrodes and bidirectional cell separation method in a DEP device with 3D 
electrode array and two inlet/outlets have been proposed for separation of different 
population of cells.  
Moreover, a second new configuration, a DEP device with asymmetric 
electrodes where one electrode is a thin film, while the other one is extruded, 
functioning as a microchannel wall has been designed and fabricated. The asymmetry 
of the electrode in the vertical plane generates an asymmetric electric field that traps 
the particles –for positive DEP- near the thin electrode (where the gradient of the 
electric field is the strongest). This is a unique characteristic for a DEP device where 
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the gradient of the electric field is generated by changing the electrode’s shape. This 
unique characteristic of the device has been clearly observed from experiments. For 
negative DEP the particles are levitated at a certain height from the thin electrode 
surface. Numerical simulations to investigate the effect of DEP force for both DEP 
device with classical planar electrodes and asymmetric electrodes have been carried 
out. Simulation data suggests that the vertical component of the DEP force is almost 
double for asymmetric electrode in comparison with a typical planar structure. 
Furthermore, electrothermal simulation results showed that the maximum temperature 
rise in DEP device with asymmetric electrodes is about 2 times lower as compared to 
those classical DEP devices with planar electrodes. 
During the fabrication of DEP devices, some microfabrication technologies, 
including optimization of spray coating of photoresist for high topography surfaces, 
SU-8 wafer-to-wafer bonding using contact imprinting, mask for deep wet etching of 
patterns in glass; and anodic bonding of three layered wafers, glass-silicon-glass; have 
been developed.  
Finally, the performances of a series of fabricated DEP chips with 3D electrodes, 
including DEP devices with top inlet/outlet, lateral inlet/outlet, two inlet/outlets, and a 
DEP device with asymmetric electrodes have been successfully tested using yeast cells. 
Experiments for investigating the trapping efficiency of the DEP chip showed that the 
DEP chip with 3D electrodes can achieve a high trapping efficiency even at a low 
applied voltage or a high flow rate. Finally the mixture of viable and non-viable yeast 
cells has been successfully separated by a sequential field-flow cell separation method 
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using DEP chip with 3D silicon electrode and bidirectional separation in a 
dielectrophoretic chip with 3D electrode array and two inlet/outlets, which provides a 
great potential to separate the mixture of cells in biological and medical applications. 
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*ε           complex permittivity, Equations (2.3) 
*
1ε           complex permittivity of the particle and medium, Equations (2.3) 
*
2ε           complex permittivity of the particle, Equations (2.3)  
g           the acceleration due to gravity 
k           thermal conductivity of the medium 
η           the viscosity of the fluid, Equations (3.5) 
)1(
inducedφ        Induced electrostatic potential, Equations (2.2) 
ρp and ρm       relative densities of the particle and medium, Equations (2.9, .2.10) 
σm          conductivity of the suspending medium 
ω           angle frequency of the applied electrical field 
v           velocity of fluid, Equations (3.5)  
Acronyms 
DEP        DiElectroPhoresis 
CFD        Computational Fluid Dynamics 
TWD       Travelling-Wave Dielectrophoresis 
3D         Three Dimention 
RIE         Reactive Ion Etching 
MEK        Methyl-Ethyl Ketone 
PGMEA     Propylene-Glycol-Monomethyl-Ether-Acetate
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Chapter 1 Introduction 
1.1 Background 
In recent years, the development of lab-on-a-chip technology has attracted more 
and more interest in the biological and medical fields. Lab-on-a-chip means that the 
sensors, heaters, pumps, fluid handling, separators, and detectors are integrated into 
one chip, size of a fingernail (Wang et al., 1997). The objective of this chip is to deal 
with sample preparation, sample transportation, and sample analysis automatically and 
quickly in one chip. One of the favorable areas of this device is the development of 
automatic sample preparation systems to manipulate micro- or nano- bioparticles such 
as cells and viruses. There are many methods available for manipulation of particles in 
a fluid, such as flow cytometry, optical tweezers, dielectrophoresis (DEP). Flow 
cytometry is a useful and effective technique for counting, examining and sorting 
microscopic particles suspended in a stream of fluid. However, this method is restricted 
to ‘benchtop’ or full-sized laboratory models which are expensive and generally 
dedicated to single use technology. Optical tweezers provides non-contact and 
contamination-free manipulation, but it is limited by its complicated optical setup, 
complex operation and expensive instrumentation (Yi et al., 2006). Of these techniques, 
DEP is drawing more and more attention due to its lower sample consumption, fast 
separation speed, selectivity, miniaturization, integration, and non-contact electric 
manipulation of particles. This device provides a great potential in biological and 
medical applications like point-of-care diagnostics, surface-based biosensors, rapid 
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cell and DNA analysis, etc. 
1.2 Brief review of dielectrophoresis (DEP) 
The term “dielectrophoresis” was first coined by Pohl (Pohl, 1978). DEP is the 
motion of dielectric particles caused by polarization effects in a non-uniform electric 
field. A particle suspended in a medium of different dielectric characteristics becomes 
electrically polarized in an electric field. Due to the difference in electric field 
strength on the two sides of the particle, a net dielectrophoretic force pulls it towards 
the higher electric field region (positive DEP) or pushes it towards the lower electric 
field region (negative DEP) (Pohl, 1978).  
 
Figure1.1 Principle of dielectrophoresis 
The DEP induced particle motion is strongly dependent on the electric field 
magnitude and phase, the spatial configuration of the electric field, and the dielectric 
properties of the suspending medium and the particles. Variations in these parameters 
will cause different electrokinetic behaviors, including trapping, levitation, 
electrorotation, and linear motion. This technique has been applied in many biological 
and medical fields, such as trapping of yeast cells (Pethig et al., 1992; Pethig, 1996), 
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viruses (Hughes et al., 1998; Morgan et al., 1999), bacteria (Markx et al., 1994; 
Johari et al., 2003), and DNA (Chou et al., 2002; Chou and Zenhausern, 2003). 
Separation of different particles is a fundamental function for biological and medical 
applications. Many separation mechanisms based on dielectrophoesis have been 
reported, including flow separation (Morgan et al., 2001; Pethig et al., 1998), 
field-flow fraction (Markx and pethig, 1995), and travelling wave dielectrophoresis 
(TWD) (Hughes et al., 1996; Fuhr et al., 1994). 
DEP occurs when a neutral particle is placed in an electric field that is spatially 
non-homogeneous. The electrode configuration determines the distribution of the 
electric field, which then determines the desired position where the particles are trapped. 
Early electrode structures were made from thin electrical wires, including cone-plate 
electrodes (Kaler and Jones, 1990; Jones and Kraybill, 1986), simple pin-plate 
structures (Marszalek et al., 1989), four-pole electrodes (Gimsa et al., 1991), and fluid 
integrated circuit (FIC) (Masuda et al., 1989; Washizu et al., 1994). After 1990, 
coupled with microfabrication technologies, a number of complex microelectrode 
arrays suitable for particle manipulation have been integrated to form miniaturized 
dielectrophoresis chips. Majority of the dielectrophoresis devices are made of planar 
electrodes by using a thin metal layer, such as Cr/Au (Talary et al., 1996; Docoslis et al., 
1997); or Ti/Pt (Fiedler et al., 1998; Minerick et al., 2003) deposited on a glass or 
silicon wafer to form the electrodes. However, such devices have many disadvantages:  
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1) DEP force on the particle rapidly decays as the distance from planar 
electrode surface increases. This has been a stumbling block for practical 
application of dielectrophoresis in biological and medical fields. 
2) Existence of dead volumes. Dead volume refers to the region where 
particle experiences no DEP force and therefore could not be manipulated. 
3) Existence of electrochemical effect that may arise from multi-layer 
electrodes (Cr/Au, Ti/Pt).  
To improve the DEP force acting on the particle, a system consisting of two 
layers of electrodes array has been developed by many researchers (Schnelle et al., 
1993; Suehiro and Pethig, 1998; Müller et al., 1999; Dürr et al., 2003). However, for 
these devices, the distance between the two layers is not an independent factor, relate to 
the arrangement of the electrodes. Unlike them, Voldman et al. (2003) proposed an 
extruded quadrupolar system using electroplating gold posts as electrodes in a 
trapezoidal arrangement, which can improve the volume where the particles experience 
strong DEP force. One disadvantage of this device is that the 3D posts still need to be 
connected to the sub-connected thin film planar electrodes for electrical contact. 
Recently, Park and Madou (2005) replaced the electroplating gold posts by carbon 
posts, which can be more easily fabricated by microfabrication technology. A detailed 
review of DEP has been described in Chapter 2. 
1.3 Objective of this thesis 
The objective of this thesis is to contribute to the design, fabrication and 
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application of the DEP devices: 
(1) To explore design and microfabrication technologies of DEP devices 
with 3D silicon microchannel walls.  
 A series of DEP devices with 3D silicon electrodes, which 
also function as microchannel wall, including top 
inlet/outlet, lateral inlet/outlet, and two inlet/outlets will be 
designed, fabricated and tested.  
 A DEP device with asymmetric electrodes where one 
electrode is extruded while the other is a thin film will be 
designed, fabricated and tested. 
 New microfabrication techniques such as bonding method 
for three-layered wafers, deep etching of glass substrate, and 
spray coating of photoresist for high topographic features 
will be developed.   
(2) To explore theoretical modeling and analysis of the DEP devices 
with 3D silicon microchannel walls.  
 The electrostatic modeling and electrothermal modeling of 
DEP devices with classical planar electrodes and DEP 
devices with 3D electrodes will be built and the advantages 
of DEP devices with 3D electrodes will be discussed and 
analyzed. 
 The electrostatic modeling and electrothermal modeling of 
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DEP devices with classical planar electrodes and DEP device 
with asymmetric electrodes will be built and the advantages 
of DEP devices with asymmetric electrodes will be 
discussed and analyzed. 
 The electrostatic, Computational Fluid Dynamics (CFD), 
and electrothermal modeling of the DEP devices with 3D 
electrodes will be built and the effects of geometries and 
configurations of the electrodes on the movement of cells 
suspended in the medium will be discussed and analyzed 
using finite element analysis. 
 Based on the unique characteristic of DEP device with 3D 
electrodes, a novel sequential field-flow separation 
mechanism combined with dielectrophoresis and 
hydrodynamics will be developed. 
 A bidirectional cell separation method in a dielectrophoretic 
chip with 3D electrode array and two inlet/outlets will be 
developed  
(3) To explore applications of DEP chip with 3D silicon microchannel 
walls for cell manipulation, such as cell trapping and cell separation 
through experiments. 
 The functions of the fabricated DEP chips with 3D silicon 
microchannel wall will be tested using yeast cells. 
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 The trapping efficiency of the DEP device with 3D silicon 
electrodes will be tested by experiment. 
 Separation of different populations of cells, for example, 
viable and non-viable yeast cells will be performed in a DEP 
chip with 3D electrodes and a DEP chip with 3D electrode 
array and two inlet/outlets. 
These devices would provide a strong basis for practical manipulation of cells. 
Most of the electrode configurations developed by other researchers can be extruded 
from 2D to 3D, and the trapping efficiency of the device could be greatly improved. 
These devices also provide some possible novel ways to separate different populations 
of cells which have great potential for future commercial application in biological and 
medical field. The dual functionality of the electrode eliminates the need for a separate 
channel wall and minimizes the dead volumes. The use of silicon electrode eliminates 
the electrochemical effect that arises from multi-layer electrodes.  
1.4 Organization of the thesis 
Chapter 1 introduces the background of dielectrophoresis device and gives a brief 
review of development of DEP devices, followed by the objective and significance of 
this work. 
Chapter 2 gives a literature review of DEP, particularly on basic theory of DEP, 
electrokinetic behaviors of particles caused by DEP, separation methods of different 
population of particles and methods for generation of electric field gradient. 
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Chapter 3 proposes a novel DEP device with 3D electrodes and a DEP device 
with asymmetric electrodes. Numerical simulations are built to investigate the effects 
of DEP force and Joule heating for DEP device with 3D electrodes relative to classical 
planar electrodes and DEP device with asymmetric electrodes relative to classical 
planar electrodes. The electrostatic modeling, CFD modeling, and electrothermal  
modeling of DEP chip with 3D electrodes are built to explore the effects of different 
geometric parameters of different electrode configurations. Based on the analysis of 
dielectrophoretic and hydrodynamic forces, a new sequential field-flow separation 
method in a DEP device with 3D electrodes and bidirectional cell separation method 
in a DEP device with 3D electrode array have been proposed for separation of 
different populations of cells.  
Chapter 4 describes the design and fabrication of a series of DEP devices with 
3D electrodes, including DEP device with top inlet/outlet, DEP device with lateral 
inlet/outlet, DEP device with two inlet/outlets, and a DEP device with asymmetric 
electrodes. During the fabrication of DEP devices, some microfabrication 
technologies, including optimization of spray coating of photoresist for high 
topography surfaces and SU-8 wafer-to-wafer bonding using contact imprinting, have 
been developed, not only for fabrication of our devices, but also for other MEMS 
applications.  
Chapter 5 explores the applications of DEP chips with 3D silicon microchannel 
walls for cell manipulation. The functions of a series of fabricated DEP chips with 3D 
silicon electrodes and a DEP device with asymmetric electrodes have been tested using 
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yeast cells. Then the trapping efficiency of DEP device with 3D silicon electrodes has 
been evaluated by experiments. Finally, Separation of different populations of cells, 
viable and non-viable yeast cells has been performed by a sequential field-flow cell 
separation method using DEP chip with 3D silicon electrodes and bidirectional 
separation in a dielectrophoretic chip with 3D electrode array and two inlet/outlets. 
Chapter 6 summarizes the research work described in this thesis and main 
contributions of the work. Recommendations for future work are also proposed in this 
section. 
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Chapter 2 Literature review of dielectrophoresis 
2.1. Introduction  
In 1954 work with DEP was first reported by Debye et al. (1954). In 1978, Pohl 
(1978) first coined the word dielectrophoresis from “dielectric force.” Their work 
showed that polarization forces are strong enough to move (sub-) microparticles 
towards regions of higher or lower electric field. These phenomena were called positive 
and negative dielectrophoresis. This chapter gives a literature review of DEP. 
Theoretical analysis of the DEP force, electrokinetic behaviors of particles caused by 
DEP, separation mechanisms of different population of particles and solutions for 
generation of electric field gradient will be reviewed in this chapter. 
2.2 Basic theory of dielectrophoresis  
DEP force generated from electric field can be determined via the induced 
dipole. To define the effective moment, it is convenient to start with the electrostatic 
potential (Stratton, 1941):  




•=Φ                               (2.1) 
where 1ε  is the absolute permittivity of the suspending medium, r  is the radial vector 
distance measured from the center of the dipole and rr = .  
Replacing the dipole with a small dielectric sphere having radius, R, and 
permittivity, 2ε , the particle has the effect of perturbing the electric field. This 
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perturbation can be expressed as (Jones, 2003) 






⋅≈φ                              (2.2) 
where K is the well-known complex Clausius–Mossotti factor, defined as: 











−=K ,  ω
σεε j−=*                        (2.3) 
where *2ε and *1ε  are the complex permittivity of the particle and medium 
respectively. The complex permittivity for a dielectric material can be described by its 
permittivityε , conductivityσ , and angular frequencyω of the applied electrical field 
E0. Comparing Equation 2.1 and 2.2, the effective moment is defined as  
                                 0
3
14 EKRPeff πε≡                              (2.4) 
In general, force can be approximated as follows (Schnelle et al., 1999): 
                            0)( EpF ∇⋅≈                          (2.5) 
Combining Equation 2.4 and 2.5 gives the well-known expression for the DEP 
force on a dielectric sphere R in a dielectric medium (Jones, 1995): 
    201
32 EKRF ∇≡ επ                              (2.6) 
The time-average dielectrophoretic force for the general field is  
         =)(tF [ ] [ ]{ }zzyyxx EEEKEKR ϕϕϕπε ∇+∇+∇+∇ 2020202031 (Im2Re2    (2.7) 
where 0iE and );;( zyxii =ϕ  are the magnitude and phase, respectively, of the 
field components in the principal axis directions. This expression can be used to 
investigate the forces arising from any form of applied field. It contains two terms 
contributed to the DEP motion. 
1) The first term relates to the real (in-phase) component of the induced dipole 
Chapter 2 Literature review of dielectrophoresis 
 34
moment in the particle and to spatial non-uniformity of the field magnitude. This force 
directs the particle towards strong or weak field regions, depending on whether the 
]Re[K is positive or negative. This is the conventional DEP term. The classical DEP 
force can be given by: 
                    201
3 ]Re[2 EKRFDEP ∇= επ                            (2.8) 
2) The second term relates to the imaginary (out-of-phase) component of the 
induced dipole moment and to spatial non-uniformity of the field phase. Depending on 
the polarity of ]Im[K , this force directs the particle towards regions where the phases 
of the field components are larger )0](Im[ >K or smaller )0](Im[ <K , in other words, 
against or along the direction of travel of the electric field. 
3) When ]Re[K = 0 or ]Im[K =0, the particle experiences no positive or 
negative DEP force. The frequency where the particle shows no DEP force is called 
crossover frequency. The crossover frequency depends on dielectric properties of 
particle and medium. 
Equation 2.7 shows that both field-magnitude inhomogeneity and the 
field-phase non-uniformity can induce dielectrophoretic motion. It allows for analysis 
of DEP forces acting on particles in any electric field configuration. 
2.3 Principles of operation 
2.3.1 Dielectric particles 
Dielectrophoresis has been used to manipulate particles in biological and medical 
fields. From Equation 2.8, it can be found that when the radius of the particle decreases 
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by one order, the DEP force decreases by three orders; thus the size of the particle is a 
critical parameter for DEP force. According to the dimension of the particle, the 
manipulated particles of dielectrophoresis can be classified into: microparticles and 
sub-microparticles. The microparticles mainly focus on cells (size between 5-20 µm). 
Manipulation of cells such as yeast cell (Pethig et al., 2002; Markx et al., 1994), cancer 
cell (Becker et al., 1995; Yang et al., 1999; Gascoyne et al., 1997), algae cells (Pohl 
and Hawk, 1966; Gascoyne et al., 1992; Labeed et al., 2003; Hübner et al., 2003) has 
been reported by many researchers. Sub-microparticles include bacteria (Yang et al., 
2003), viruses (Hughes and Morgan, 1998), DNA (Asbury et al., 2002) and nano- 
particles (Kadaksham et al., 2004, 2006). DEP has been applied to trap E. coli strain 
K12 bacteria (Suehiro et al., 2003), HSV-1 virus (Hughes and Morgan, 1998), DNA 
(Asbury et al., 2002) and to separate B. cereus, and B. megaterium bacteria 
(Lapizco-Encinas et al., 2004), TMV virus and HSV virus (Morgan et al., 1999), 
nano-beads with a diameter of 93 nm (Green and Morgan, 1997). Compared to 
microparticles, the motion of sub-microparticles, especially nano- particles in fluid is 
much more complex and should consider the effect of Brownian motion. In this thesis, 
we focus on the application of DEP for microparticles instead of sub-microparticles 
manipulation.  
2.3.2 Electrokinetic behaviors of particles 
The DEP induced particle motion is strongly dependent on the electric field 
magnitude and phase, electric field frequency, the spatial configuration of the electric 
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field, and the dielectric properties of the suspending medium and the particle. 
Variation of these parameters will cause different electrokinetic behaviors of particles, 
including trapping, levitation, electrorotation, and linear motion. 
2.3.2.1 Trapping 
The movement of the suspended particles in a stable position is defined as “trapping 
effect.” For example, as shown in Figure 2.1, the cells experiencing positive DEP will 
move to the highest electric field region around electrode peak while cells experiencing 
negative DEP will move to the lowest electric field region around electrode valley. 
 
Figure 2.1 Cell trapping in a semi-circle electrode (a) positive DEP (b) negative DEP 
Positive and negative DEP have been applied to trap yeast cells, human red blood 
cells (Xu et al., 1999; Minerick et al., 2003), neural cortical cells (Heida et al., 2001), 
plant protoplast cells (Qian et al., 2002), Jurkat cells (Frénéa et al., 2005),  bacteria 
(Markx et al., 1994; Johari et al., 2003; Suehiro et al., 2003), viruses (Schnelle et al., 
1996; Hughes and Morgan, 1998; Morgan et al., 1999), and DNA (Washizu et al., 1990; 
Asbury et al., 1998; Asbury et al., 2002). All these studies used thin-film planar 
metallic microelectrodes as DEP traps. Another alternative is to construct DEP traps 
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(electrodeless dielectrophoresis) by patterning geometrical constrictions in an 
insulating substrate (quartz) instead of metallic microelectrodes. This method has been 
reported to trap DNA (Chou and Zenhausern, 2003) and to perform cell fusion at the 
field constriction (Masuda et al., 1989).  
2.3.2.2 Levitation 
Levitation relies on two opposing forces, the negative DEP force and the net 
gravitational force. They are equal in magnitudes but opposite in directions thus exactly 
balance each other, as shown in Figure 2.2. The expression of Fg is well-known: 
                                 ( )grF pmg ρρπ −= 334                           (2.9) 
where ρp and ρm are the densities of the particle and medium respectively whereas g is 
the acceleration due to gravity. Thus 







−=∇                  (2.10)  
Based on equation 2.10, the levitated height of the particle is determined by 
dielectric properties of the particle, irrespective of their size. Particles with different 
dielectric properties levitate at the different heights (Jones, 1995). Lee et al. (1996) 
have applied a pair of cylindrical electrodes to produce a non-uniform electric field that 
levitates a dielectric particle. By measuring the height of the levitated particle, the 
effective polarizability can be calculated and the dielectric constant of the particle can 
be estimated. 
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Figure 2.2 DEP levitation of particles above microelectrodes. The particles levitate to 
a height at which the DEP force, DEPF , is equal and opposite of the net gravitational 
settling force, gF .( Rodriguez and Markx, 2004) 
Later Wang et al. (1997) demonstrated that the levitation height was dependent on 
the magnitude of the applied voltage. Cells exhibited little linear motion in the 
horizontal plane. Recently Rodriguez and Markx (2004) has reported that when using 
interdigitated electrodes at low levitation heights, using low amphotere concentrations 
and voltages, the latex beads aggregated into bands above the electrodes. At higher 
levitation heights, higher amphotere concentrations and voltages, networks of pearl 
chains were observed. Levitation has found many applications in particle trapping, 
manipulation and separation (Markx et al., 1997; Wang et al., 1999). 
2.3.2.3 Electrorotation 
The motion of the particles can be caused not only by electric field magnitude, but 
also the phase. When the particles are suspended in a rotating electric field, for example, 
phase shift in a sequence of 0°, 90°, 180°, 270° along a polynomial electrode, as shown 
in Figure 2.3 (Rodriguez and Markx, 2004), if the electric field rotates sufficiently 
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quickly, the interaction between the electric field and the induced dipole generates a 
torque T in the particle, causing the particle to rotate. This effect is called 
electrorotation. 
 
Figure 2.3 A schematic of electrorotation ( Rodriguez and Markx, 2004) 
Mognaschi’ group (1990, 2000) built the rotating field by using a stator consisting 
of 24 parallel copper bars energized by the sequentially connected lines of a 3-phase 
supply in 1990 and later applied it to selectively separate bio-particles. Later Yang et 
al.(1999) measured dielectric characteristics of four main leukocyte subpopulations, 
namely, B- and T-lymphocytes, monocytes, and granulocytes by electrorotation 
generated by gold polynomial electrode array. 
2.3.2.4 Linear motion (travelling-wave dielectrophoresis)  
When the electric field phase shift, for example in a sequence of 0°, 90°, 180°, not 
along a polynomial electrode, but a parallel electrode in a line like a travelling wave, 
shown in Figure2.4 (Hughes, 2000), the interaction between the electric field and the 
induced dipole will generate a force parallel to the electrode, causing the particle to 
move along the electrode. This phenomenon is coined as travelling-wave 
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dielectrophoresis (TWD).  
 
Figure 2.4 A schematic of travelling wave dielectrophoresis (Hughes, 2000) 
Masuda et al. (1987, 1989) first reported that travelling-wave dielectrophoresis 
can be used to manipulate blood cells by applying poly-phase voltage to a parallel 
electrode array. Then Hagedorn et al. (1992) coined the term “travelling-wave 
dielectrophoresis” and found that TWD was restricted to a frequency range where the 
particles were levitated above the electrodes under the influence of a negative DEP 
force. Later Huang et al. (1993) demonstrated that cell’s linear motion induced by a 
travelling field acting on a cell is directly related to the imaginary component of the 
dipole moment of the cell (Pethig et al., 2003). Theoretical modeling of TWD has been 
discussed and analyzed by many groups. (Hagedorn et al., 1992; Hughes et al., 1996; 
Green et al., 2002; Nielsen et al., 2004).  
2.3.3 Separation mechanism of particles for Dielectrophoresis 
One of the important applications of DEP is to separate different populations of 
particles. As shown in Equation 2.8, the DEP force acting on a spherical particle is a 
function of Clausius–Mossotti factor Re(K), which determines the direction of the DEP 
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force. The Clausius-Mossotti factor is a function of electric field frequency, as shown in 
Figure 2.5.  
 
Figure 2.5 Re (K) Vs Frequency 
At a range of frequencies, the particle experiences positive DEP while it shows 
negative DEP at another range of frequencies. The frequency where the particle shows 
no positive and negative DEP is called crossover frequency. The crossover frequency 
depends on dielectric properties of particles and medium. The change of the 
permittivity and conductivity of the particles and medium will cause the shift of the 
crossover frequency. Thus at a selected frequency range, one population of particles 
experience positive DEP while the other population exhibit negative DEP (Figure 2.5). 
This provides a possible basis to separate the mixture of different particles.  
Based on these ideas and all kinds of electrokinetic behaviors mentioned before, 
some strategies to separate different populations of particles have been developed, 
including flow separation, field flow fractionation (FFF), travelling-wave 
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dielectrophoresis (TWD) (Hughes, 2002; Gascoyne and Vykoukal, 2002). Some special 
separation mechanisms, such as stepped flow separation, ratcheting separation will also 
be introduced. 
2.3.3.1 Flow separation 
Flow separation is a simple and practical method to separate binary particles. As 
shown in Figure 2.6, two particles suspended in the fluid are pushed into the chamber. 
At certain selective frequency, one population of particles experience positive DEP and 
are trapped onto the edges of the bottom electrodes while the other population of 
particles experience negative DEP and are repelled into the center of the chamber. Then, 
the particles which experience negative DEP are flushed away to the outlet and 
collected. After that, the DEP force is removed and the particles which experience 
positive DEP are flushed away to the outlet andcollected. For this method, a stumbling 
block is that as the distance of particles from the electrode surface increases, the DEP 
force decreases quickly, resulting in a force not large enough to trap the particles distant 
from the electrode surface. Consequently, the separation efficiency of the particles will 
be much lower. 
 
Fig 2.6 Flow separation by planar electrodes 
This method has been used to separate the viable and non-viable yeast cells 
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(Markx et al., 1994; Markx and Pethig, 1995), viable and non-viable recombinant 
myeloma cells (Docoslis et al., 1997), live and heat-treated cells of Listeria (Li and 
Bashir, 2002). Separation of different bacterias, such as, B. cereus, and B. megaterium 
(Lapizco-Encinas et al., 2004), Escherichia coli and Micrococcus luteus (Markx et al., 
1996) has been reported by some researchers. Morgan et al. (1999) reported the 
separation of different virus TMV and HSV virus in a polynomial electrode in 1999. In 
addition, Green and coworkers (1997) have demonstrated that particles with same size 
but different dielectric properties can also be separated by flow separation.  
2.3.3.2 Field flow fractionation 
A shortcoming of field flow separation is that it is a binary separation, not suitable 
for separation of mixture of multi-population particles. To separate a mixture of many 
populations, a new method, field flow fractionation (FFF) has been developed. It has 
been known from section 2.3.2.2 that when the particle suspended in the medium 
experiences a negative DEP, the negative DEP force and the net gravitational force 
acted on the particle balance each other, the particle levitates at a given height. The 
levitation height of the particle is determined by its dielectric properties. Particles with 
different dielectric properties levitate at the different height. The fluid inside the 
chamber flows at different velocities with a parabolic flow velocity profile along the 
height of chamber. So the particles levitated at different height will flow at different 
velocities thus reaching the outlet at different time, and collected respectively, shown in 
Figure 2.7. Huang and coworkers (1997) have successfully used this method to separate 
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human leukemia cells from normal human mononuclear cells. After that DEP-FFF has 
been used to separate synthetic polystyrene microbeads of different sizes (Wang et al., 
1998) and to separate monocytes from T- or B-lymphocytes (Yang et al., 2000).  
 
Figure 2.7 field flow fractionation caused by flow speed profile of fluid 
2.3.3.3 Travelling-Wave Dielectrophoresis (TWD) 
As discussed in 2.3.2.4, travelling-wave dielectrophoresis causes the linear 
motion of particles along the parallel electrodes when a phase-shifted electric field is 
applied in the electrodes. At a selective frequency, one population of particles 
experience positive DEP and move to the end of the array while the other population of 
particles experiencing negative DEP travel to the opposite direction of the array and 
collected respectively (Figure 2.8a). Another separation method using TWD is based 
on the fact that the moving rate of the particles is related to the dielectric properties of 
the particles. Particles with different dielectric properties move at different speeds and 
are separated from each other after a long “travelling” (Figure 2.8b). This method has 
been used to separate colloidal particles (Huang et al., 1993), viable and non-viable 
yeast cells (Talary et al., 1996), different size latex beads (Cui et al., 2001), T cells and 
monocytes (Pethig et al., 2003), viable and nonviable lymphoma/myeloma cell lines 
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(Cen et al., 2004). 
 
         Figure 2.8 Separation using travelling-wave dielectrophoresis  
2.3.3.4 Other methods 
Besides the above mentioned main separation methods, some groups have 
developed other separation mechanisms such as stepped flow separation and ratcheting 
mechanism. In 1995, Markx et al. (1995) described stepped flow separation that can be 
used for separation of bacteria, yeast and plant cells. The method uses castellated 
electrodes for cell trapping, two ports for outlet, and one for inlet. Particles flow from 
the center of the array to one of the ports (Figure 2.9). When the electric field is applied, 
one population is trapped by positive DEP (hatched), the other by negative 
dielectrophoresis (shaded), and these are separated on the array (Figure 2.9A). Similar 
to field-flow fraction, when the liquid is pumped a hydrodynamic force is applied to the 
particles, and one population experiencing negative DEP is pushed to one port (Figure 
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2.9B). Then the electric field is removed and the other population experiencing positive 
DEP is driven to another port by flow in opposite direction (Figure 2.9C).   
 
 Figure 2.9 Stepped dielectrophoretic separator (Hughes, 2002)  
Furthermore, the ratcheting mechanism has been reported in two configurations. 
Early work in this area was performed by Rousselet et al. (1994), who proposed a 
system using a “Christmas tree” electrode (Figure 2.10). Stacked ratchets are used in 
the second method - it consists of two pairs of electrodes stacked one over the other. 
The populations are inserted between these electrodes and alternating the potential 
between the upper and lower electrode moves the particles. This method was 
demonstrated by Gorre-Talini et al. (1998). 
 
Figure 2.10 A schematic of a “Christmas tree” electrode array (Hughes, 2002) 
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2.3.3.5 Drawbacks of current methods 
Although many methods have been developed to separate mixtures of particles, 
their drawbacks have limited their practical application in biological and medical field. 
For flow separation, the devices use thin-film planar metallic microelectrodes as DEP 
traps. For these devices, the DEP force decreases rapidly when the distance from the 
planar electrodes increases such that the particles are slow to move to the edge of the 
bottom planar electrodes. For travelling-wave dielectrophoresis, separation 
efffieciency is limitated by the speed of the particles moving across the array. Also, for 
DEP FFF, the separation efficiency is limited by time taken for the particles to levitate 
at the same height above the electrode at a given flow rate. Other methods such as 
stepped flow separation and ratcheting mechanism are much slower compared to the 
above separation mechanisms suitable for special applications (Hughes, 2002). 
2.4 Methods for generation of electric field gradient in DEP 
devices 
From previous Equation 2.8, it is known that the DEP force is proportional to the 
gradient of the square of the electric field. When a particle experiences positive DEP, it 
moves to the maximum gradient while when a particle experiences negative DEP, it 
moves to the minimum gradient. To date, there are three solutions for generation of 
electric field gradients: 1) modification of the dielectric media (isolating DEP – iDEP); 
2) modification of the phase of the applied electric field; 3) modification of the 
electrode shapes (classical DEP).  
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2.4.1 Modification of the dielectric media 
As shown in Figure 2.11, the electric field gradient is generated by a 
non-homogenous dielectric medium between the electrodes (isolated DEP). This 
method is proposed and developed by Cummings’s group (2000; 2003) 
 
Figure 2.11 Modification of the dielectric media to form                        
electric field gradient (Cumming et al., 2003) 
2.4.2 Modification of the phase of the applied electric field 
The change of phase of the applied electric field can also generate the electric 
field gradient, causing electrorotation and linear motion (Travelling wave 
dielectrophoresis) of the particle. The common structures for this method are spiral 
(Wang et al., 1997; Goater et al., 1997), parallel (Hagedorn et al., 1992; Huang et al., 
1993) and polynomial (Morgan et al., 1999), as shown in Figure 2.12, as suggested by 
many groups.  
 
Chapter 2 Literature review of dielectrophoresis 
 49
 
Figure 2.12 Common electrode structures for phase shifting of electric field (Wang et 
al., 1997; Huang et al., 1993; Morgan et al., 1999) 
2.4.3 Modification of electrode shape (classical DEP) 
Electric field gradient can be generated by electrode shapes. This is the most 
common method. Coupled with microfabrication technologies, a number of complex 
microelectrode arrays suitable for particle manipulation, as shown in Figure 2.13, can 
be fabricated to form miniature dielectrophoresis chips.  
 
     Figure 2.13 Electrode structures for DEP (Castellanos et al., 2003;        
Morgan et al., 1999) 
Although applications to manipulate and separate all kinds of particles have been 
developed in a wide range of biological and medical fields, most of the devices for DEP 
are simple and similar. To date, almost all the DEP devices are made of planar 
electrodes using a thin film metal layer deposited on the glass surface (Qian et al., 2002) 
or silicon substrate (Docoslis et al., 1997; Frénéa et al., 2003) to form the electrodes, as 
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shown in Figure 2.14. The thin metal electrodes are generally made of Cr/Au (Talary et 
al., 1996; Docoslis et al., 2002; Asbury et al., 2002), Ti/Au (Morgan et al., 1999; 
Voldman et al., 2001), Ti/Pt (Fiedler et al., 1998; Minerick et al., 2003; Li et al., 2005) 
(thickness less than 1-2 μm).The presence of Cr or Ti is to improve the adhesiveness 
between glass and Au or Pt. Then the glass/silicon wafer is bonded to glass (Ramadana 
et al., 2002), plastic gasket (Xu et al., 1999, Peter et al., 2002), polycarbonate (Huang et 
al., 2002), PDMS (Lin et al., 1998), or SU-8 (Doh and Cho, 2005) to form the 
microchambers and mircochannels.  
 
Figure 2.14 DEP devices with planar electrode 
Although planar DEP devices have been developed to successfully separate a 
wide range of bio-particles, a stumbling block has prevented this technique from being 
used in practical applications in biological and medical fields. This is because DEP 
force will decrease quickly as the distance from the planar electrodes increase such that 
only a small number of particles can be trapped, which is not enough for practical 
application. In order to solve this problem, a system consisting of two layers of 
electrodes array has been developed, as shown in Figure 2.15. In 1993, Schnelle’s 
group (1993, 1996, 1999, 2000) has designed a 3-D microelectrode system, called the  
dielectrical field cage (DFC), consisting two layers of electrode structures separated by 
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a thick polymer spacer or ceramics forming a flow channel. The dielectrical field cage 
is formed by eight electrodes symmetrically arranged on the top and bottom glass slides. 
Later Suehiro et al. (1998) proposed a similar structure where the electrode system 
consists of two glass plates, on which parallel strip electrodes are fabricated, placed 
together with a spacer between them so that their electrodes face each other and cross at 
right angles to form the grid. Such structures also have been reported by Müller et al. 
(1999) and Dürr et al. (2003). 
 
Figure 2.15 DEP device with two layers of electrode arrays 
Different from this idea, Voldman et al. (2001) proposed an extruded quadrupolar 
system consisting of cylindrical electrodes fabricated by electroplating gold posts in a 
trapezoidal arrangement and substrate-interconnect shunts in a SU-8 chamber, as 
shown in Figure 2.16. However, for this device, the extruded electrodes still need to be 
connected to sub-connected planar electrodes for electrical contact and a separate SU-8 
chamber for channel walls. Furthermore, this device is specifically designed for 
single-particle trapping thus not suitable for large volume particles manipulation.  
More recently, Park and Madou (2005) replaced the electroplating gold posts by carbon 
posts, which can be more easily fabricated by microfabrication technology.  
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Figure 2.16 DEP device with extruded electrodes (Voldman et al., 2003) 
2.5 Conclusions 
In this chapter, the development of DEP, including the theoretical analysis of the 
DEP force, electrokinetic behaviors of particles caused by DEP, the separation 
mechanisms of different populations of particles and the methods for generation of 
electric field gradient have been reviewed. This gives us a clear and thorough 
understanding of the current development of DEP.    
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Chapter 3 Dielectrophoresis devices with 3D silicon 
microchannel walls 
3.1. Introduction 
Most DEP devices have employed thin multi-layer metal electrodes such as 
Cr/Au, Ti/Au or Ti/Pt with a thickness between 100 nm and 1 µm, which are 
deposited on a glass or silicon wafer. The wafer is then bonded to an insulating and 
transparent substrate such as glass, polycarbonate, Teflon gasket, or PDMS on which 
the microchambers and microchannels are fabricated. We consider these devices as 
planar DEP chips (2D DEP). The structure of these classical DEP devices presents 
some disadvantages. Firstly, due to the thickness of the electrode, the DEP force is 
confined to a region closed to the electrode surfaces. Secondly, there are dead 
volumes above the electrode surface where the particle experiences no DEP force (the 
particles can’t be manipulated). Lastly, the presence of double layer electrodes can 
induce electrochemical effects. 
To improve the volume where the particles are able to experience a strong DEP 
force, compared to the previous works, a new idea based on the duality of electrode and 
microchannel wall have been proposed in this thesis. This is achieved by using 
heavily-doped silicon to form the microchannel walls, which also function as electrode, 
as shown in Figure 3.1. Furthermore, a device with asymmetric electrodes, where one 
electrode is extruded while the other electrode is a thin film (Figure 3.2) has been 
developed. In this chapter, at first, the advantages of these devices as compared to the 
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classical planar devices will be discussed and analyzed. Next, the electrostatic 
modeling, computational fluid dynamics (CFD) modeling and electrothermal 
modeling of the DEP chip with 3D electrodes will be built to explore the effects of the 
geometries of different electrode configurations on the motion of the particles. Finally, 
two new separation methods using this DEP chip with 3D electrodes will be proposed. 
 
Figure 3.1 DEP device with 3D electrodes 
 
Figure 3.2 DEP device with asymmetric electrodes 
3.2 DEP devices with planar electrodes vs 3D electrodes 
In this section the dielectrophoretic force and Joule heating effect of the DEP 
devices with classical planar electrodes and 3D electrodes are compared. The 
advantages of DEP device with 3D electrodes will be discussed. 
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3.2.1 Dielectrophoretic force 
The expression for the DEP force as a function of distance above the planar 
electrodes is defined as (Morgan et al., 2001; Markx et al., 1997): 
                              )exp(0 chFFDEP −∝                              (3.1) 
                                   2VFDEP ∝                                   (3.2) 
where F0 is the DEP force at distance h = 0,  and c, a constant for a particular electrode 
geometry and V,  the applied voltage. 
Numerical simulations were carried out using finite element software (Maxwell 
2D, Ansoft Corporation, USA). The graphical plot of DEP force versus applied 
voltages for the DEP device with 3D electrodes is presented in Figure 3.3. The force is 
calculated based on a yeast cell with diameter of 5 μm (refer to εm = 81, Re (K) = 0.9 ) 
according to the model elaborated by Huang (1992) with the space between electrodes 
being 100 μm wide. The simulations data were in agreement with the discussion 
associated with Equation 3.2, showing that the DEP force is indeed proportional to the 
















Figure 3.3 The relationship between the DEP force and applied voltage 
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Another simulation was performed in order to investigate the DEP force between 
the electrodes. Two sets of simulation were carried out, one for the “classical” DEP 
device with thin planar electrodes and the other for 3D electrodes. Figure 3.4 and 3.5 
show the distribution of the electric field and the gradient of square of electric field of 
planar electrode while Figure 3.6 shows the electric field distribution for 3D 
electrodes. It can be noticed that for planar structure, there is a gradient of the electric 
field in the vertical plane while for 3D structure, the electric field is constant. This 
variation along the edge of the electrodes is presented in Figure 3.7. The generated 
DEP forces along the edge of the electrodes with an applied voltage of 5V and a space 
between electrodes of 100 um are presented in Figure 3.8. The simulation results 
showed that for planar electrodes, the induced DEP force decays exponentially with the 
increased distance from the electrode. Therefore, cells far away from the electrode 
surface are difficult to be trapped due to the weak DEP force resulting in low trapping 
efficiency. One method to increase the DEP force acting on the particle is to increase 
the applied voltage. However, increasing the voltage can result in an increase of 
temperature in the microfluidic channel (This will be explained in the next section). 
This will result in formation of bubbles at the electrode edge, causing serious 
consequence and disrupting experimental testing. Therefore, finding a way to lower the 
applied voltage while keeping the DEP force strong is a critical issue for DEP devices. 
As compared to the classical planar DEP devices, DEP device with 3D electrodes 
exhibits constant force along the cross section of the vertical plane across the volume of 
the microchannel. This means the particles suspended at any height can be trapped by 
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strong DEP force, which can greatly improve the trapping efficiency of the particles. 
 
Figure 3.4 The distribution of electric field of planar electrodes 
 
Figure 3.5 The distribution of gradient of the square of the electric field of planar 
electrodes 
 
Figure 3.6 The distribution of electric field of 3D electrodes 
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Figure 3.7 The relationship between electric field and distance from the electrode 
surface for both planar and 3D electrodes 
 
Figure 3.8 The relationship between DEP force and distance from the electrode 
surface for both planar and 3D electrodes 
3.2.2 Joule heating effect 
High electric field will generate a large power density in the fluid surrounding 
the electrode, especially area near to the edge of the electrode. Given a small volume, 
this could cause a large temperature increase in the medium. In order to investigate 
the thermal distribution and temperature profile within the DEP chip for different 
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types of electrode, finite element analysis tools (ANSYS software) have been used. 
Simulated pictorial results for the temperature profile of the DEP chip with planar 
electrodes and 3D electrodes are presented in Figure 3.9 and 3.10 respectively. The 
following parameters are used to perform the simulations: 
- Applied voltage V = 20 V peak-to-peak. 
- Thermal conductivity of the medium: k = 0.6 Jm-1s-1K-1. 
- Electrical conductivity: σ = 1 Sm-1. 
From Figure 3.9 and 3.10 it is observed that for highly conductive solutions such 
as σ = 1 Sm-1, the temperature rise (∇T) for DEP device with planar electrodes can 
reach up to 100 Co . Such high temperature could destroy biological sample. However, 
under the same conditions, for the case of 3D electrodes (shown in Figure 3.10), the 
maximum change in temperature (∇T) is only around 10 Co . The simulation results 
showed that the DEP chip with 3D electrodes can greatly reduced the temperature rise, 
hence aid in reducing the Joule heating effect, which is critical especially for high 
conductivity medium.  
Further simulations are carried out to investigate the thermal effect when the 
applied voltage increases. The graphical plots of different peak-to-peak voltage versus 
maximum temperature rise (∇T) for both cases of planar- and 3D electrodes (electric 
conductivity σ = 0.1 Sm-1) are presented in Figure 3.11. It is found that when the 
applied voltage increases, the change of temperature of planar device increases much 
faster compared to the device with 3D electrodes. For example, when the applied 
voltage is 40V (peak to peak), the temperature rise of planar device is around 40 Co  
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while the temperature rise of 3D electrode is only 4 Co . 
Effect of different medium electrical conductivity ( mσ ) with respect to change in 
temperature at a fixed applied voltage of 20V peak-to-peak is presented in Figure 3.12. 
It is observed that the device with planar electrodes is more sensitive to temperature 
change with different conductivity as compared to the device with 3D electrodes. For 
example, with electrical conductivity set at 0.5Sm-1, the change in temperature for 
device with 3D electrodes is about 5 Co  as compared to around 50 Co  for the device 
with planar electrode. These data show that the change in temperature is 8-10 times 
lower in the device with 3D electrodes as compared to those classical DEP devices with 
planar electrodes, which is a big advantage for cell manipulation. As it is well known, 
cells are sensitive to the change of temperature; even a few-degree rise in temperature 
could be detrimental. The numerical simulation results were in agreement with the 
analytical results presented by Ramos et al. (1998): 
                         
k
VT rmstrodeplanarelec
2σ≈∇                               (3.3)  
k
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2σ=∇                           (3.4) 
 
 
Chapter 3 Dielectrophoresis devices with 3D silicon microchannel walls  
 61
 
Figure 3.9. Simulated temperature profile of DEP device with planar electrode with 
electric conductivity σ = 1 Sm-1. and applied voltage V = 20 V( peak to peak) 
 
Figure 3.10. Simulated temperature profile of DEP device with 3D electrodes with 
electric conductivity σ = 1 Sm-1. and applied voltage V = 20 V( peak to peak) 
 
Figure 3.11. The relationship between maximum temperature rise and applied voltage 
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Figure 3.12. The relationship between maximum temperature rise and electric 
conductivity of medium 
3.3 DEP devices with planar electrodes and asymmetric 
electrodes 
The dielectrophoresis force and Joule heating effect of the DEP devices with 
classical planar electrodes and asymmetric electrodes will be compared with the 
advantages of asymmetric electrode being discussed in this section.           
3.3.1 Dielectrophoresis force 
The vertical component of the DEP force (FZ_DEP) is strongly correlated with the 
electrode type: extruded or thin. Depending on the thickness of the electrodes, three 
situations can be met: both electrodes extruded, both electrodes fabricated from a thin 
film, and lastly –one electrode extruded and the other one realized with a thin film. For 
the first case, there is no variation of the electric field in the vertical direction (Figure 
Chapter 3 Dielectrophoresis devices with 3D silicon microchannel walls  
 63
3.6), hence FZ_DEP is zero. In the second case, the variation of the electric field for a 
structure with planar electrodes has been presented in Figure 3.4 while the variation of 
the gradient of the electric field has been presented in Figure 3.5. There is a small 
electric field gradient in the vertical direction that generates a FZ_DEP in the vicinity of 
the electrodes. This force can be oriented to the electrode plane if the particle exhibits a 
positive DEP or opposite if the particle expresses a negative DEP. As it can be observed 
from Figure 3.4, the electrical field is symmetrical. This means that for positive DEP, 
the particles which will be trapped by FZ_DEP in the electrode plane will be uniformly 
distributed between the tips of the electrodes. For the last solution, the simulation of the 
electric field has been presented in Figure 3.13 while the gradient of the electric field 
has been presented in Figure 3.14. It can be observed that in this case, an asymmetrical 
distribution of the electric field and gradient of the electric field arises, with the 
strongest variation near the thin electrode. This asymmetrical distribution will direct 
the particles that experience positive DEP to the tip of the thin electrode (where, in the 
vertical plane, the electric field is highest). The working principle (positive DEP) for 
the proposed DEP structure is shown in Figure 3.15. This is a unique characteristic for 
a DEP device where the gradient of the electric field is generated by changing the 
electrode’s shape.  
At the same time with an increased electric field gradient generated, the FZ_DEP is 
also increased. The calculation was performed at the edge of the thin electrode, for a 
yeast cell with diameter of 5 μm and a relative permittivity of the medium of 81. The 
graph in Figure 3.16 shows the variation of FZ_DEP along the vertical direction. It can be 
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noticed that the vertical component of the DEP force - FZ_DEP – is doubled for the 
proposed solution in comparison with a typical planar structure. The importance of 
achieving a stronger DEP force in the vertical direction will be discussed in the next 
section. In analyzing the effects of FZ_DEP, the gravitational force (Fg) must also be 
considered, as both forces act in the same direction. For positive DEP, FZ_DEP and Fg act 
in the same direction, resulting in a faster trapping of the particle on the bottom surface 
(microchannel floor). Meanwhile, negative DEP provides a force opposite to Fg and 
enables the generation of an ideal force field because it forces the particles away from 
the bottom surface of the microfluidic channel by a distance that is related to the 
manner in which the particle interacts with the electric field. As a result, the particles 
levitate above the surface according to their physical properties and those of the 
medium. A detailed study regarding the levitation phenomenon in DEP devices is 
discussed in previous section 2.3.2.2. DEP device with asymmetric electrodes is 
particularly suitable for DEP-FFF (field flow fractionation) separation method.   
 
Figure 3.13 The distribution of electric field of asymmetric electrodes 
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Figure 3.14 The distribution of gradient of square of the electric               
field of asymmetric electrodes 
 
Figure 3.15 Working principle (positive DEP) for DEP chip                  
with asymmetric electrodes. 
 
Figure 3.16 The relationship between DEP force and distance from the electrode 
surface for both planar and asymmetric electrodes 
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3.3.2 Joule heating effect 
The simulated pictorial result for the temperature profile of the DEP chip with 
asymmetric electrodes is presented in Figure 3.17. The same parameters and 
conditions are applied as described in section 3.2.2. From Figure 3.17, it is observed 
that for highly conductive solution such as σ = 1 Sm-1, the change in temperature (∇T) 
for the case of asymmetric electrodes is around 50 Co . Such temperature rise is much 
lower compared to the change of temperature of the classical planar electrode. 
Graphical plot of different voltages versus change in temperature (∇T) for both 
cases of planar- and asymmetric electrode (electric conductivity σ = 0.1 Sm-1) is 
presented in Figure 3.18. It is found that when the applied voltage increases, the change 
of temperature of planar device increases much faster than the device with asymmetric 
electrode. For example, when the applied voltage is 40V (peak to peak), the 
temperature rise of planar device is around 40 Co  while the temperature rise of the 
asymmetric electrodes is only 20 Co .  
The relationship of different electrical conductivity of the medium( mσ ) and the 
change in temperature at a fixed applied voltage of 20V peak-to-peak is presented in 
Figure 3.19. It is observed that, device with planar electrodes is more sensitive to 
temperature change with different conductivities as compared to the device with 
asymmetric electrodes. For example, with electrical conductivity set at 0.5Sm-1, the 
change in temperature for the device with 3D electrodes is about 25 Co  as compared to 
around 50 Co  for device with planar electrodes. These data show that the change in 
temperature of asymmetric electrodes is about 2 times lower than those classical DEP 
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devices with planar electrodes. 
For biological applications, high conductivity buffers is usually necessary (with σ 
between 0.1 and 1 S m-1) and the risk of achieving temperature over 100 Co  is quite 
high. At this temperature, most biological samples will be destroyed. For this kind of 
applications, the applied voltage becomes critical because, as previously described, the 
temperature rise is proportional with Vrms2. However, a low voltage will also affect the 
strength of the DEP force since FDEP ~ V2. In conclusion, a geometry that can provide 
the same DEP force at a lower value of the applied voltage with reduced Joule effect 
will be most desired especially for biological and medical applications. 
 
Figure 3.17. Simulated temperature profile of DEP device with asymmetric 
electrodes; with electric conductivity σ = 1 Sm-1. and applied voltage V = 20 V( peak 
to peak) 
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Figure 3.18. The relationship between maximum temperature rise and applied voltage 
 
Figure 3.19. The relationship between maximum temperature rise and electric 
conductivity of medium 
3.4 Theoretical analysis of DEP chip with 3D electrodes 
In the previous section, a DEP device with 3D electrodes has been proposed. For 
such device, a unique characteristic is that the microfluidic channel wall also functions 
as the electrodes. This means that the geometries of the electrodes have a great 
influence on not only the electric field distribution, but also the fluid velocity profile 
and the temperature distribution of the fluid. In this section, finite element modeling of 
the DEP chip with 3D electrodes will be established and the effects of different 
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electrode geometries on the motion of the particles will be explored. We first discuss 
the effects of different electrode configurations on electric field distribution and 
gradient of square of electric field. Next, the fluid velocity distributions and 
temperature distributions of fluid of different electrode configurations are simulated 
and analyzed. Based on the analysis of the dielectrophoretic and hydrodynamic forces, 
a new sequential field-flow separation method in a DEP device with 3D electrodes and 
a bidirectional cell separation method in a DEP device with 3D electrode array have 
been proposed for separation of different population of cells.  
3.4.1 Electrostatic modeling and analysis of DEP chip with 
3D electrodes  
Dielectrophoresis occurs when a neutral particle is placed in a spatially 
non-homogeneous electric field. This electric field is generated using electrodes. 
Different electrode configurations will generate different electric field distribution and 
electric field gradient. As discussed previously, DEP force is proportional to the 
gradient of the square of electric field. Thus, the geometries of the electrodes have great 
influence on the motion of particles. In this section, the electric field distribution and 
gradient of square of electric field of the different electrode configurations are 
simulated and its effects on the motion of particles will be discussed for the DEP chip 
with 3D electrodes. Electrostatic finite element analysis was performed using Maxwell 
2D software.  
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Modeling of different electrode structures 
For the DEP device with 3D electrodes, a uniform force crosses the volume of 
microchannel in the vertical plane as discussed in the previous sections. Therefore, a 
2D model can be substituted for the 3D structure to simplify the analysis process. A 
series of electrode configurations, including square, semi-circular, and triangular have 
been designed. Different electrode geometries are shown in Figure 3.20-3.24. 
 
Figure 3.20 Geometries of the semi-circular electrode 
 
Figure 3.21 Geometries of the square electrode 
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Figure 3.22 Geometries of the triangular electrode 
 
Figure 3.23 Geometries of the triangular electrode array 
 
Figure 3.24 Geometries of the circular electrode array  
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Simulation results 
Different electrode configurations will generate different electric field 
distributions. The distributions of electric field and gradient of the square of electric 
field for different electrode configurations are shown in Figure 3.25-3.34. The domain 
is meshed using about 10000 nodes and a high grid density is closed to the micro 
channel wall. The solution is solved using electrostatic field equation derived from 
Gauss’s law, which indicates that the net electric flux passing through any closed 
surface is equal to the net positive charge enclosed by the surface. The relative 
permittivity of the silicon electrode is 11.9 and the relative permittivity of the medium 
is 81.  The applied voltage (peak to peak) is 5 V.   
 
Figure 3.25 The distribution of electric field E for semicircle electrode 
 
Figure 3.26 The distribution of gradient of the square of electric field (∇E2)          
for semicircle electrode 
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Figure 3.27 The distribution of electric field E for square electrode 
 
Figure 3.28 The distribution of gradient of the square of electric field (∇E2)          
for square electrode 
   
Figure 3.29 The distribution of electric field E for triangle electrode 
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Figure 3.30 The distribution of gradient of the square of electric field (∇E2)           
for triangle electrode 
  
Figure 3.31 The distribution of electric field E for circle electrode array 
  
Figure 3.32 The distribution of gradient of the square of electric field (∇E2)             
for circle electrode array 
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Figure 3.33 The distribution of electric field E for triangle electrode array 
 
Figure 3.34 The distribution of gradient of the square of electric field (∇E2)           
for triangle electrode array 
Discussion 
The electric field and gradient of the square of electric field along the line of 
minimum distance between electrodes and the line of maximum distance between 
electrodes for the different electrode configurations are shown in Figure 3.35-3.38. The 
minimum distance and maximum distance between electrodes are shown in Figure 3.39. 
It was observed that for the triangular electrode, the maximum gradient along the line 
of minimum distance between electrodes and the minimum gradient along the line of 
maximum distance between electrodes present a larger gradient, as compared with the 
other two configurations. This help to decrease the applied voltage and the generation 
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of Joule effect. Another critical issue is that there is a gradient decrease around the 
center of maximum distance between electrodes, which means a particle experiencing 
negative DEP may possibly move to the regions around the center of maximum 
distance between electrodes. However, this effect can be minimized by adjusting the 













Figure 3.35 Electric field strength of different electrode configurations along the 
minimum distance between electrodes 
 
Figure 3.36 Gradient of the square of electric field of different electrode configurations 
along the minimum distance between electrodes 





















Figure 3.37 Electric field strength of different electrode configurations along the 
maximum distance between electrodes 
 
Figure 3.38 Gradient of the square of electric field of different electrode configurations 
along the maximum distance between electrodes 
As mentioned previously, the electrode configuration has great influence on the 
electric field strength and gradient of the square of electric field strength. For example, 
the square configuration, several parameters of electrode geometries including 
minimum distance between electrodes, maximum distance between electrodes, the size 
of electrode concave and the size of electrode convex, as shown in Figure 3.39, will be 
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explored. 
Table 3.1and 3.2 show that when the minimum distance between the electrodes 
increases from 50 μm to 150 μm, the electric field E and the gradient of the square of 
electric field ∇E2 along the line of minimum distance and the line of maximum distance 
between electrodes both decreases. Maximum gradient of the square of electric field 
∇E2max1 is almost inversely proportional to the minimum distance between electrodes, 
which means we can increase the DEP force by decreasing the minimum distance 
between electrodes. As shown in Table 3.3 and 3.4, the maximum distance between 
electrodes mainly affects the minimum electric field strength Emin2 and gradient of the 
square of electric field ∇E2min2 along the maximum distance between electrodes and has 
little influence on others. From Table 3.5 and 3.6 it can be noticed that the size of 
electrode concave has little influence on the electric field and ∇E2 along the minimum 
distance between electrodes. However, when the size of electrode concave increase, the 
maximum electric field Emax2 and ∇E2max2 decrease slowly while Emin2 and ∇E2min2 
increase sharply along the maximum distance between electrodes. Table 3.7 and 3.8 
indicated that the variety of the size of electrode convex has little effects on the electric 
field and ∇E2. These results showed that the maximum electric field and gradient of the 
square of electric field are almost determined by minimum distance between electrodes. 
The minimum electric field and gradient of the square of electric field can be adjusted 
by many factors including the minimum distance between electrodes, maximum 
distance between electrodes, and the size of electrode concave. 
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Figure 3.39 parameters of electrode geometry 


































50 3.0243E+4 1.7069E+4 8.8465E+3 8.8250E+2 
100 1.6368E+4 8.7953E+3 7.0574E+3 5.5264E+2 
150 1.1497E+4 6.0390E+3 5.5407E+3 3.9339E+2 
Notes:  
Emax = Maximum electric field strength 
∇E2max = Maximum gradient of the square of electric field strength 
Subscript1 represents the minimum distance between electrodes 
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Table 3.2 The effect of minimum distance between electrodes on the gradient of the 
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50 1.3532E+14 7.7353E+12 1.6345E+12 1.2125E+10 
100 2.9089E+13 8.1472E+11 8.3329E+11 4.7679E+9 
150 1.4568E+13 1.6767E+11 4.4232E+11 2.4163E+9 
Table 3.3 The effect of minimum distance between electrodes on the electric field E  
Maximum distance between 
electrodes (μm) 
Emax1 ( V/m) Emin1 (V/m) Emax2 ( V/m) Emin2 (V/m) 
200 1.6903E+4 8.8394E+3 7.1861E+3 2.6130E+3 
300 1.6368E+4 8.7953E+3 7.0574E+3 5.5264E+2 
400 1.6280E+4 8.7946E+3 6.9859E+3 1.1561E+2 
Table 3.4 The effect of maximum distance between electrodes on the gradient of the 
square of electric field ∇E2 
Maximum distance 
between electrodes (μm) 
∇E2max1(V2/m3) ∇E2min1(V2/m3) ∇E2max2(V2/m3) ∇E2min2(V2/m3) 
200 4.1568E+13 7.8269E+11 8.1753E+11 8.9247E+10 
300 2.9089E+13 8.1472E+11 8.3329E+11 4.7679E+9 
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Table 3.5 The effect of the size of electrode concave on the electric field E  
Electrode concave 
(μm) 
Emax1 ( V/m) Emin1 (V/m) Emax2 ( V/m) Emin2 (V/m) 
50 1.3537E+4 9.3194E+3 8.9256E+3 2.5704E+2 
100 1.6368E+4 8.7953E+3 7.0574E+3 5.5264E+2 
150 1.6795e+4 8.6131E+3 5.5778E+3 1.4091E+3 
Table 3.6 The effect of the size of electrode concave on the gradient of the square of 
electric field ∇E2 
Electrode concave 
(μm) 
∇E2max1(V2/m3) ∇E2min1(V2/m3) ∇E2max2(V2/m3) ∇E2min2(V2/m
3) 
50 2.9258E+13 4.1406E+11 2.1096E+12 2.7873E+7 
100 2.9089E+13 8.1472E+11 8.3329E+11 4.7679E+9 
150 3.0315E+13 9.4862E+11 3.8441E+11 1.4946E+10 
Table 3.7 The effect of the size of electrode convex on the electric field E  
Electrode convex 
(μm) 
Emax1 ( V/m) Emin1 (V/m) Emax2 ( V/m) Emin2 (V/m) 
50 1.5408E+4 8.7182E+3 7.0263E+3 5.5832E+2 
100 1.6368E+4 8.7953E+3 7.0574E+3 5.5264E+2 
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Table 3.8 The effect of the size of electrode concave on the gradient of the square of 
electric field ∇E2 
Electrode convex 
(μm) 
∇E2max1(V2/m3) ∇E2min1(V2/m3) ∇E2max2(V2/m3) ∇E2min2(V2/m3)
50 2.2070E+13 7.4195E+11 8.2353E+11 5.5196E+9 
100 2.9089E+13 8.1472E+11 8.3329E+11 4.7679E+9 
150 2.8690E+13 8.1785E+11 8.2624E+11 4.7667E+9 
 
3.4.2 Computational Fluid Dynamics (CFD) modeling and 
analysis of DEP chip with 3D electrodes 
For dielectrophoresis (DEP) devices, besides the DEP force, the particles in the 
fluid also experience the hydrodynamic force due to the movement of fluid. The flow 
profile of fluid inside the microchannel plays an important role in the movement of 
particles. The DEP force must be large enough to overcome the hydrodynamic force 
and thus trap the particles to the desired positions. In this section, the flow velocity 
profile of fluid for different electrode configurations are analyzed by finite element 
method using ANSYS software.  
As mentioned previously, a unique characteristic of the proposed device is that 
the microchannel wall also serves as the electrode configuration at the same time. 
Therefore, the non-uniform shape of the electrode can influence the flowing velocity in 
the microfluidic channel. As a result, the shape of the electrode can generate a gradient 
of the fluid velocity. A 2D CFD simulation is used for DEP devices with 3D electrodes. 
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Assuming that fluid flow is steady-state, Newtonian, incompressible and laminar (the 
Reynolds number is very small, below 1). The electric force is not considered. The 
initial velocity of fluid at the inlet is a constant value of 2.5 × 10-6 m/s. At the outlet, the 
pressure is zero. The domain is meshed using about 15000 nodes and a high grid 
density is closed to the micro channel wall. The solution is solved using full 
Navier-Stokes equations. The computed fluid velocity distribution of a series of 
electrode configurations, including square, semi-circular, and triangular, are simulated 
as shown in Figure 3.40-3.44. 
 
Figure 3.40 Fluid velocity magnitude of semicircle electrode 
 
Figure 3.41 Fluid velocity magnitude of triangle electrode 




Figure 3.42 Fluid velocity magnitude of square electrode 
 
Figure 3.43 Fluid velocity magnitude of triangle electrode array 
 
Figure 3.44 Fluid velocity magnitude of circle electrode array 
The fluid velocity profile along the line of minimum distance between electrodes 
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and the line of maximum distance between electrodes for different electrode 
configurations are shown in Figure 3.45, 3.46. It is observed that along both lines of 
minimum distance and maximum distance, the maximum fluid velocity of the square 
electrode configuration is the highest while that of the circle electrode configuration is 
the lowest. 
The geometry of the electrode is an important factor determining fluid velocity 
profile. For the square configuration, several parameters of electrode geometries, 
including minimum distance between electrodes, maximum distance between 
electrodes, the size of electrode concave and the size of electrode convex have been 
explored, as shown in Table 3.9. It can be observed that when the minimum distance 
between the electrodes increases, the maximum fluid velocity along both lines of 
minimum distance and maximum distance decrease while when the maximum distance 
between electrodes increases, they also increase. Also, it was found that the size of 
electrode concave mainly affects the maximum fluid velocity along maximum distance 
between electrodes while the size of electrode convex have little influence on 






















Figure 3.45 Fluid velocities along the line of minimum distance between electrodes 




























Figure 3.46 Fluid velocities along the line of maximum distance between electrodes 














































50 0.1848e-4 0.9313e-5 200 0.6880e-5 0.4854e-5 
100 0.1087e-4 0.8376e-5 300 0.1087e-4 0.8376e-5 
150 0.8451e-4 0.7537e-5 400 0.1456e-4 0.1081e-4 
The size of 
electrode 
concave(μm) 




50 0.1102e-4 0.1027e-4 50 0.1059e-4 0.7864e-5 
100 0.1087e-4 0.8376e-5 100 0.1087e-4 0.8376e-5 
150 0.1095e-4 0.6173e-5 150 0.1083e-4 0.8145e-5 
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3.4.3 Electrothermal modeling and analysis  
The enhanced electric field gradient due to the modified shape of the electrodes 
can generate a large power density. Since this power is generated in a very small 
volume, it could give rise to a high temperature in the medium. A large temperature rise 
in the medium can cause damage to cells and other bio-particles and also generates 
additional fluid flow due to electrohydrodynamic effects that can disrupt 
dielectrophoretic collection. So the temperature distribution inside the microchannel 
wall is a necessary factor we should consider. The temperature distributions of different 
electrode configurations are simulated by finite element method using ANSYS 
software.  
The geometries adopted for electrothermal modeling are the same as previously 
described. Assuming thermal conductivity 1116.0 −−−= KsJmk , electrical conductivity 
101.0 −= Smmσ (for our experiment, the conductivity of medium is very low) and 
applied voltage (peak to peak) = 20V, room temperature = 30 Co . The electrode 
temperature is the same as the room temperature. Simulated pictorial results for the 
temperature profile of different electrode configurations are shown in Figure 3.47-3.49.   
 
Figure 3.47 Temperature distribution of semicircle electrode 
Chapter 3 Dielectrophoresis devices with 3D silicon microchannel walls  
 88
 
Figure 3.48 Temperature distribution of triangle electrode 
 
Figure 3.49 Temperature distribution of square electrode 
From the previous discussion in Section 3.2.2, we know that the maximum 
temperature of the fluid is mainly determined by both the applied voltage and the 
electric conductivity of the medium. The geometries of the electrode in this case have 
little influence on the value of maximum temperature as shown in Figure 3.47-3.49. 
Also, it can be suggested that for low conductivity medium, Joule heating effect can 
be neglected for our devices.  
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3.4.4 Cell separation methods using dielectrophoretic devices 
with 3D electrodes 
The separation of different population of cells is an important application of DEP 
devices in the biological and medical fields. Different from previous separation 
mechanism reviewed in Chapter 2, this chapter presents two new methods for cell 
separation using DEP devices with 3D electrodes. From the previous analysis of 
electric field distribution and fluid velocity distribution of the DEP device with 3D 
electrodes, it can be noticed that our device confers the opportunity to use the shape of 
the electrodes not only for the generation of an electric field gradient required for 
dielectrophoretic force, but also the generation of a gradient of fluid velocity. This 
unique combination gives rise to some new solutions for dielectrophoretic separation of 
two cell populations.  
3.4.4.1 Sequential field-flow cell separation method in a dielectrophoretic chip 
with 3D electrodes 
Firstly, a new sequential separation field-flow technique using a dielectrophoretic 
chip with 3D electrodes is proposed. This technique is made possible by the unique 
design of the device where the electrodes are also the microfluidic channel walls. These 
electrodes serve a double function. The first function is to generate positive and 
negative dielectrophoretic force and in doing so, trap two populations of cells in 
different locations. The second function is to produce a gradient of fluid velocity. As a 
consequence, the resulted hydrodynamic force will drag out the population trapped by 
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positive dielectrophoresis. After the removal of the electric field, the remaining 
population can then be collected at the outlet. 
Principle of sequential field-flow particle separation method in a 
dielectrophoretic chip with 3D electrodes 
The objective of the design is to achieve efficient separation of different particle 
populations. The efficiency can be achieved by creating a structure where separation 
takes place over the entire cross-section of the fluidic flow. This ensures the particles 
flowing at any height within the channel will be separated. The two distinct features of 
the separation structure are periodic fluidic dead volumes that are created by an 
undulating microchannel wall shape and an extruded electrode design that exerts a 
dielectrophoretic force parallel to the channel floor and ceiling, and normal to the 
fluidic dead zones. A dielectrophoretic force that is parallel to the channel floor and 
ceiling ensures that there are no unnecessary friction forces on the particles to impede 
their motion and reduce the sorting efficiency. The force exerted on the particles with 
different dielectric properties can be a positive or negative dielectrophoretic force. 
Correct selection of the operating frequency allows this difference to be used to 
separate the different particle populations.  
The sequential separation process consists of four steps as presented in Figure 
3.50. Initially the channel is filled with the particle mixture (Figure 3.50a). At the 
optimal frequency, one population will experience a negative dielectrophoretic force 
that drives particles into the dead fluidic zones where they remain trapped (Figure 
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3.50b – zone B). Simultaneously, the other population will experience a positive 
dielectrophoretic force that focuses them in the region of the channel cross-section 
where the maximum fluid velocity occurs during flow (Figure 3.50b – zone A). After 
the particles have segregated into the two regions within the channel, fresh buffer 
solution will then be pumped through the channel. The population that was focused at 
the centre of the channel where the velocity is the greatest will be swept out by the 
hydrodynamic force exerted by the flow (Figure 3.50c). The population trapped in the 
fluidic dead zones remains trapped under flow or no-flow conditions. The 
dielectrophoretic force capturing the population in the dead zones is then reversed, and 
the captured population can be swept out (Figure 3.50d). 
 
Figure 3.50. Separation method: a) insertion of the particles in the DEP chip, b) cells 
separation using positive and negative dielectrophoresis, c) removing the first 
population by increasing the velocity of the fluid, d) removing the electric field the 
second population will be released. 
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Theoretical analysis  
In the following section we will discuss the hydrodynamic force and 
dielectrophoretic force that are generated across the channel for the different electrode 
designs. Then the cumulative effects of dielectrophoretic and hydrodynamic forces for 
different electrode profiles are analyzed. 
Hydrodynamic force 
The flow of the fluid in the microchannel can play an important role in the 
separation performance of the dielectrophoretic device. In our special case, the shape of 
the channel walls generates a specific velocity gradient in the fluid flowing in the 
microchannel that is essential for separation. An ANSYS simulation of the flow in the 
microchannels defined by the electrodes with extruded walls for different geometries 
(semicircular, triangular and rectangular) with a minimal channel width of 100 μm and 
a maximal opening of 300 μm has been discussed in the previous section. These 
geometries lead to a huge difference in the flow velocity between the maximum and 
minimum wall separation regions, neglecting the velocity at the solid boundary itself 
(which is zero by definition in the non-slip continuum model case). The low velocity 
regions located in the valley regions (Zone B) is referred to as dead zones (let us 
approximate with those areas where the fluid velocity is less than 10% of the average 
velocity at the centre of the channel). For this reason the hydrodynamic force on the 
particles situated in the dead zones is more than one order lower than that in the channel 
at its narrowest region. In Stokes law equation: 
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                                   vrF ηπ6=                            (3.5) 
η is the viscosity of the fluid, r is the radius of the particle and v is the velocity of the 
particle. The hydrodynamic force is directly proportional to the velocity and radius of 
the particle. Decreasing the velocity by one order decreases the hydrodynamic force by 
one order. The calculated hydrodynamic force for yeast cell, approximated by a sphere 
with diameter of 6 μm, medium viscosity of 1 × 10-3 N.s/m2 (water), and velocity of 
1×10-5 m/s is 5.7 x 10-13 N.     
Dielectrophoretic force 
In the expression of dielectrophoretic force (Equation 2.8), the term Re [K(ω)] 
(stands for “the real part of ”) plays an important role, giving either a positive or 
negative dielectrophoretic force. As a result, the movement of the particles towards the 
areas of higher electric field strength (positive dielectrophoresis) or lower electric field 
strength (negative dielectrophoresis) is determined by both the dielectric properties of 
the particles and medium. Particle populations that exhibit dielectrophoretic forces of 
opposite polarity can thus be separated in this way. 
 Viable and non-viable yeast cells have been used throughout our experiments. 
According to the model elaborated by Huang et al. in (1992) and applied also by Talary 
et al. (1996) and Hughes et al. (1996), the values of 60, 6 and 50 are used, for the 
relative permittivity of the yeast cell wall, cytoplasmic membrane and cell interior 
respectively while the conductivities of the cell wall, membrane and interior have the 
values of 14 mS/m, 0.25 μS/m and 0.2 S/m respectively. This set of data is considered 
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for viable yeast cells. Whereas for non-viable yeast cell, the corresponding 
conductivity values were 1.5 mS/m, 160 μS/m and 7 mS/m respectively (with the same 
permittivity as viable yeast cells). Employing a cell wall thickness of 0.22 μm, a cell 
membrane thickness of 8 nm, and values of 7 and 6 μm for the radius of viable and 
non-viable yeast cells respectively, the frequency-dependency term of the Re(K(ω)) 
were derived from Equation 2.3 for suspending medium conductivities of 1 mS/m as 
shown in Figure 3.51 .  
 
Figure 3.51 The frequency variation of the Re (K) for viable and non-viable yeast cells 
in a suspending medium with a conductivity of 1 mS/m. 
It can be noticed that at low frequencies up to 50 KHz, viable yeast cells present a 
negative value of Re(K(ω)) which will result in a negative dielectrophoretic force while 
non-viable yeast cell present a constant positive value. This range of frequency allows 
separation of these populations. Another window of frequency can be between 10 MHz 
- 200 MHz where the situation is opposite: the viable yeast cells will be trapped by 
positive dielectrophoresis while non-viable yeast cells will experience negative 
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dielectrophoresis. 
The electric field gradient and the dielectrophoretic force calculated for the same 
yeast cell with diameter of 5 μm positioned at the edge and the center along the 
minimum distance of the channel for all the three structure studied is presented in Table 
3.10.  The calculations were made for a permittivity of the medium of εm of 81 × 10-12 
F/m and a Re(K(ω)) of 0.2  for a yeast cell suspended in aqueous solution with a 
conductivity of 1 mS/m and applied voltage (peak to peak) of 5 V.  
Table 3.10 Electric field gradient and dielectrophoretic force along the minimum 
distance of the channel 
Electrode Shape Position Triangle Semicircular Square 
















3D electrode design consideration  
The theoretical selection of electrode design requires an analysis of positive and 
negative dielectrophoretic forces exhibited on the particles (in our case, yeast cells) and 
also the generated hydrodynamic force. Two zones are analyzed for each electrode type: 
one where the positive dielectrophoresis is experienced (in the area where the width of 
the channel is minimum) and the second where the opening of microfluidic channel is 
maximal (the zone where negative dielectrophoresis is generated).  
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For positive dielectrophoresis, the variation of dielectrophoretic force (for all of 























Figure 3.52 Variation of hydrodynamic force and positive dielectrophoretic force for 
different electrode profiles between electrodes tips for 100 μm channel width. 
It can be observed that the triangular shape of the electrode gives a stronger 
dielectrophoretic force, with a maximum value near the tip of the electrode. The cells 
population which experience positive dielectrophoresis will be trapped between the tips 
of the electrodes, so the area where the particles will be in contact with the electrodes 
(and at the same time with the microchannel walls) will be reduced. The zone where the 
modulus of dielectrophoretic force is larger than the modulus of hydrodynamic force is 
bigger for the triangular shape as compared to the semicircular or square shape. But a 
comparison between the absolute values of dielectrophoretic and hydrodynamic forces 
is not relevant due to the fact that their direction is different. More relevantly, the 
resultant force (which is composed of dielectrophoretic and hydrodynamic forces) is 
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analyzed. For this purpose we studied three cases: when the direction of the resulting 
force R is inside the electrode area (Figure 3.53a), parallel with the triangle edge 
(Figure 3.53b) and when the direction of the resulting force R is outside the electrode 
area (Figure 3.53c).  In the former two cases the particle cannot be released, and it can 
only be moved or rolled along the edge of the electrode in the regions where the particle 
can slowly move to the regions where the hydrodynamic force is increased (high flow 
velocity) and at the same time the dielectrophoretic force is weak. As a result the 
particles can be released.  
Improving the release of the particle can be achieved in three ways: by decreasing 
the angle of the triangle apex (in this way the probability that the direction of the 
resulting force to be outside the electrode area increases) or by decreasing the 
dielectrophoretic force or by increasing the velocity of the fluid (increasing the 
hydrodynamic force). Decreasing the dielectrophoretic force can be achieved by a 
careful selection of some parameters such as the conductivity of the solution (σ) or the 
working frequency (that is equivalent to a smaller value of Re(K(ω))). Increasing the 
velocity can be performed within some experimental limits due to the increase of the 
velocity and force simultaneously in the area where negative dielectrophoresis is 
experienced. For the semicircular electrode, the positive dielectrophoretic force 
presents a lower value, but the resulting force keeps the particle in the region situated 
near the electrode edge (where the velocity and also the hydrodynamic force are 
reduced) – Figure3.54a. For the square electrode, the resultant force keeps the particle 
in contact with the electrode edge – Figure 3.54b. In addition, for these cases, a small 
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positive dielectrophoretic force is recommended.  
 
Figure. 3.53 Typical cases for triangular shape of electrode 
 
Figure 3.54 Directions of the resulted force for semicircular and                  
square shape of electrode 
For the population that experiences negative dielectrophoresis, variation of forces 
is presented in Figure 3.55. The value of dielectrophoretic force is presented in absolute 
value. It can be observed that at the dead zone, the dielectrophoretic and hydrodynamic 
forces are very weak. Moreover, it can be observed for the semi-circular electrode 
presented in Figure 3.56, the resultant force keeps the particle in the “dead zone” 
region. 


























Figure 3.55 Variation of hydrodynamic force and positive dielectrophoretic force 
(different electrode profiles) for population that experience negative dielectrophoresis 
up to 100 μm distance for the channel wall 
 
Figure 3.56 The resultant force at the “dead zone” region  
3.4.4.2 Bidirectional cell separation in a DEP chip with 3D electrode array and 
two inlet/outlets 
In the previous section, we have proposed a sequential field-flow separation 
method for a dielectrophoretic chip with 3D electrodes. However, a limitation of this 
device may lower down the separation efficiency of this device. We have known from 
previous discussion in section 3.4.1 that for this device, when particles experience 
Chapter 3 Dielectrophoresis devices with 3D silicon microchannel walls  
 100
negative DEP, they may possibly move to the regions around the center of maximum 
distance between electrodes. These particles will then be flushed away with particles 
experiencing positive DEP, which reduces the separation efficiency of the particles. 
Here we propose a bidirectional cell separation method using a DEP chip with 
3D electrode array to solve this problem, as shown in Figure 3.57, (taking the triangle 
electrode as an example). At first, the mixture of cells is injected into the 
microchambers. Next, with the applied voltage , one populations of cells experiencing 
positive DEP will move to the highest electric field region-Zone A while the other 
populations of cells experiencing negative DEP will move to the lowest electric field 
regions- Zone B, some of which may move to Zone C. After that, cells experiencing 
negative DEP will be swept out from one inlet/outlet while cells experiencing positive 
DEP will be swept out from the other inlet/outlet. 
.  
Figure 3.57 Separation principle: a) ejection of the mixture of particles in the DEP 
chip, b) cells separation using positive and negative dielectrophoresis, c) removing the 
first population from one inlet/outlet d) removing the second population from another 
inlet/outlet 
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3.5 Conclusions 
In this chapter, a novel DEP device with 3D electrodes and a DEP device with 
asymmetric electrodes have been proposed. Numerical simulations to investigate the 
effects of DEP force for both the DEP devices with classical planar electrode and 3D 
electrodes have been carried out. Simulation data suggests that classical devices with 
planar electrodes suffer a decrease in DEP force profile when the distance above the 
electrode increases. Whilst, devices with 3D electrodes exhibit a constant DEP force 
profile independent of the position. Thermal and temperature distributions studies for 
both 3D and planar electrode have also been performed using finite element method. 
Simulation results showed that the change in temperature is 8-10 times lower in device 
with 3D electrodes as compared to those classical DEP devices with planar electrodes. 
This proves to be a critical advantage for working with biological samples.  
DEP force and Joule heating effect of DEP device with classical planar 
electrodes and asymmetric electrodes have also been compared. It can be noticed that 
the vertical component of the DEP force is almost double for asymmetric electrode in 
comparison with a typical planar structure. Furthermore, simulation results showed 
that the maximum temperature rise of asymmetric electrode is about 2 times lower than 
those classical DEP devices with planar electrodes. In conclusion, a geometry that can 
provide the same DEP force at a lower applied voltage and reduced Joule effect is most 
desired especially for biological and medical applications. 
The electrostatic modeling of DEP chip with 3D electrodes has been built and 
the effects of the different electrode geometries on the electric field distribution and 
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gradient of square of electric field have been discussed and analyzed. The results 
suggest that the electrode configuration has a great influence on the motion of particle. 
A CFD modeling of the device has also been built and the fluid velocity profiles for 
the different electrode configurations have been discussed. The results show that this 
device will generate a gradient of fluid velocity profile within the microchannel 
volume and the geometries of the electrode are important factors in determining the 
motion of the particles. Finally, the temperature distributions of the fluid for the 
different electrode configurations have been simulated and analyzed. It is suggested 
that for low conductivity medium, we can neglect the effect of Joule heating with the 
geometries of the electrode having little influence on the change of the temperature of 
the fluid. 
A new sequential field-flow separation method in a dielectrophoretic chip with 
3D electrodes has been presented. A characteristic of this dielectrophoretic device is 
that the geometry of the electrodes also defines the geometry of the microfluidic 
channel. The method successfully uses the resultant force of the dielectrophoretic and 
hydrodynamic forces to remove the population trapped by positive DEP, while the 
second population experiencing negative DEP remains trapped in the velocity “dead 
zone” of the microfluidic channel. The subsequent removal of the electric field will 
give an opportunity for the second population to be collected at the outlet. 
A bidirectional cell separation in a DEP chip with 3D electrode array has also 
been proposed. With the actions of both positive and negative DEP, different groups 
of particles will be trapped within different regions of the electrodes. One population 
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will then be swept out from one inlet/outlet while the second population will be swept 
out from the other inlet/outlet. 
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Chapter 4 Design and fabrication of DEP devices with 3D 
silicon microchannel walls 
4.1. Introduction 
As previously described in Chapter 3, a DEP chip with 3D electrodes and a DEP 
chip with asymmetric electrodes have been proposed. This chapter describes the 
design and fabrication processes of these devices, including DEP devices with top 
inlet/outlet, lateral inlet/outlet, two inlet/outlets and asymmetric electrodes. Such 
devices present the characteristics of a device packaged at the wafer level: a silicon die 
bonded between two cover glass dies. One glass die assures the inlet/outlet access for 
the loading and unloading of the biological samples while the other provides the 
mechanical and electrical connection to the electrodes through metallized via-holes. 
During the fabrication of the DEP devices, even for the same processes, different 
techniques are explored to lower down the fabrication cost, time consuming and 
improve the quality of the devices. Some microfabrication technologies such as spray 
coating of photoresist for high topographical surfaces and SU-8 wafer-to-wafer 
bonding using contact imprinting, have been optimized and developed, not only for 
the fabrication of our devices, but also for other MEMS applications.      
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4.2 DEP chip with top inlet/outlet 
4.2.1 Design 
An exploded 3D image with the three layers of the device is presented in Figure 
4.1. The device consists of three functional layers, where two of them are insulators 
made of glass and the third is a conductive silicon die in which the electrodes and the 
microfluidic channel are patterned. A detailed scheme of the device is presented in 
Figure 4.2. The assembly was performed at the wafer level by anodic bonding. 
Metallization provides the electrical contact to the silicon electrodes through via holes 
etched in the glass. Fluid flow is achieved through the attachment of two capillary 
tubes.  
 
Figure 4.1 3D Scheme of DEP chip with 3D silicon electrode 
The layouts of the DEP chip (top view) are shown in Figure 4.3. The fabrication 
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process is based on three masks. The first mask simultaneously defines the silicon 
electrodes and the geometry of the microfluidic channels. The second mask was used 
for via-hole fabrication. These are defined as circles of 50 μm diameter. However after 
processing, due to the isotropy of the etching process, the dimension of the holes 
increases to 150-200 μm. The last mask defines the metallization pattern that provides 
electrical connection of the silicon electrodes to the chip pads and subsequently to the 
PCB through via-holes. As it can be seen in Figure 4.3, there are two pads connected to 
the silicon electrode and another two that are not connected. The unconnected pads are 
for mechanical stability of the DEP chip when attached to the PCB. Different electrode 
configurations such as triangle, semi-circle, and square have been designed. 
 
Figure 4.2 The structure of DEP chip with 3D silicon electrode 
 
Figure 4.3 The layouts of DEP chip with 3D silicon electrodes (top view)  
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This device presents some advantages such as: 
(1) Fully sealed environment. The device is fully enclosed (ceiling, wall, and floor). 
There is no risk of fluid leakage due to lead-outs. Also, the non-existent of the 
lead-outs within the microfluidic region imposes a better flow field distribution. 
These features create a fully sealed fluidic environment that is suitable for all types 
of hazardous and non-hazardous samples 
(2) Small size. The small dimensions of the chip (5 × 12 mm) and a working volume of 
around 1 μl offer the advantage of working with small quantities of biological 
samples 
(3) In contrast with other devices that utilize 3D electrodes, this chip eliminates the 
need for a separate channel wall material and maximizes the volume where the 
particles experience strong DEP forces 
(4)  Completely eliminating DEP dead volumes where particles experience no DEP 
force 
(5) Using only bulk silicon as electrode, the DEP device eliminates the electrochemical 
effect that arises from multi-metal electrodes such as Ti/Au or Cr/Au 
(6) The channel of the chip is transparent from above and below, enabling the use of 
optical characterization tools such as confocal microscopy and fluorescent imaging 
for cell analysis. 
4.2.2 Fabrication  
The fabrication processes of the DEP chip with top inlet/outlet are shown in 
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Figure 4.4. The main steps of the fabrication process consist of: fabrication of the top 
glass wafer with inlet/outlet holes (Figure 4.4a), first wafer-to-wafer anodic bonding 
process (Figure 4.4b), silicon electrode and microchannel patterning using deep RIE 
(Figure 4.4c), second wafer-to-wafer anodic bonding technique (Figure 4.4d), thinning 
of the glass wafer (Figure 4.4e), fabrication of via-holes (Figure 4.4f) and metallization 
leads (Figure 4.4g). 
Fabrication of the top glass wafer with inlet/outlet holes 
A 4” glass wafer (Pyrex glass Corning 7740) with a thickness of 700 μm was 
drilled using a diamond bit (J A Associates, Singapore) to create the inlet/outlet holes. 
The holes for the inlet/outlet tubing are 1.6mm in diameter.  
 
Figure 4.4 Fabrication process of DEP Chip with top inlet/outlet 
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First wafer-to-wafer anodic bonding process 
A 4” silicon wafer with <100> crystallographic orientation, p type, heavily-doped 
(conductive) with a resistivity in the range between 0.001 and 0.015 Ωcm and a 
thickness of 100 μm was wafer-to-wafer anodically bonded to a 4” Pyrex glass wafer 
(Corning 7740) with a thickness of 500 μm. The bonding process was performed on a 
Karl Suss SB6 wafer bonder. For a good bonding process, the wafers were cleaned in 
piranha (H2SO4/H2O2 = 2:1) at 120 OC for 20 minutes then rinsed in DI water and 
spun-dried. To increase the electrostatic force during the bonding process the wafers 
were not baked. The bonding process was performed at 305 OC, an optimal temperature 
used for bonding of silicon to Corning 7740 (the expansion of silicon and glass at this 
temperature is similar) (Rogers et al., 1995). Due to the fact that the fabrication process 
consist of two anodic bonding processes, the first anodic bonding was performed at 
1000 V, with an applied pressure of 1000 mbar in vacuum until the value of the current 
decreased to 40% of the initial value (4 mA). In this way, the bonded glass will be 
conductive at high temperature and a second anodic bonding could be performed. The 
process resulted in fully bonded wafers without bubbles and un-bonded areas. This was 
verified visually by the absence of Newton’s rings. 
Definition of electrodes and microchannels in the silicon wafers 
The definition of electrodes and microfluidic channels was performed using a 
deep RIE (Bosch process). For this process a photoresist (AZ9260 from Clariant) mask 
with a thickness of 5.5 μm was used. The deep RIE etching was done through the 
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silicon wafer with an etch-stop on the glass substrate using SF6/O2 for the etching step 
and C4F8 for passivation (Bosch process). A small notching effect was observed in the 
inlet/outlet regions. This phenomenon was caused by the larger exposed area in this 
region and the unavoidable non-uniformity of the etching process. The small 
under-etching in the region of inlet/outlet tube did not affect the performance of the 
system in our application. Figure 4.5 shows a SEM picture of the microfabricated 
silicon electrodes and the channel of the DEP device (for an improved image 20 nm of 
gold was sputtered on the device). 
     
Figure 4.5 A SEM picture of the microfabricated silicon electrodes 
Assembly of the second glass wafer 
After the removal of the photoresist layer, the wafers were prepared in a similar 
manner to the first bonding process. The alignment between the glass wafers (with 
inlet/outlet holes) and the silicon electrodes was performed manually on the bonding 
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frame of a Karl Suss wafer bonder. A misalignment of 0.1-0.3 mm was possible but this 
was not important for the device fabrication and performance. Alignment on mask 
aligner equipment requires alignment marks in the glass wafer with drilled holes and 
this fact makes the fabrication process unnecessarily complicated (another mask and a 
wet etching process of glass). The second anodic bonding was performed at 550 OC, 
using an applied voltage of 1500 V and 2000 mbar applied pressure (contact force) in 
vacuum. The increased temperature was necessary due to the low conductivity of the 
glass wafers with silicon electrodes. Also, the increased voltage and contact force were 
necessary to increase the electrostatic force such that a better contact between the 
wafers could be achieved.  
Thinning of the bottom glass wafer 
To establish electrical contact of the silicon electrodes, via-holes must be formed 
through the bottom glass wafer. Due to the thickness of glass, this process cannot be 
easily performed. After a deep wet etching process, the size of the generated holes 
becomes very large due to nature of the isotropic etching process (for a 500 μm thick 
wafer the final diameter is greater then 1mm). For this reason it was necessary to thin 
the bottom glass wafer. This process was performed by wet etching in an optimized HF 
(59%) /HCl (37%) 10/1 solution (Ji et al., 2004). The glass used – Corning 7740- was 
selected for its good bonding performance on silicon and its low content of oxides that 
give rise to insoluble products in HF (e.g. CaO, MgO or Al2O3). These insoluble 
products can increase the roughness of the surface due to their re-deposition during the 
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wet etching process. The role of HCl in the solution is to transform the insoluble 
products into soluble products (Ji et al., 2004). The presence of insoluble products can 
drastically reduce the etching rate. The thinning process was performed using a Teflon 
beaker and slow magnetic stirring until the thickness of the glass was around 100 μm. 
The uniformity of the process was relatively good with only 20-25 μm thickness 
variation after 400 μm of etching (the process uniformity was around 5%). The 
measured roughness (Ra) of the surface (using an Alpha-step profilometer) was 10 nm. 
Temporarily bonding a protective silicon wafer with wax assured the protection of the 
other front side of the processed wafer, during the wet etching. 
Processing of via-holes 
A Cr/Au (50 nm/1 μm) masking layer was used for via holes. The patterning of the 
Cr/Au was performed using 2 μm thick photoresist AZ7220 and classical Au and Cr 
etchants. The photoresist mask was hard baked at 120 OC for 30 minutes in order to 
improve the adhesion of photoresist on the Au layer. During the etching process, the 
photoresist layer plays an important role. The tensile stress induced in the Cr/Au 
masking layer can lead to cracks in the mask and the highly concentrated HF solution 
can penetrate through these cracks and generate pinholes. Although the resistance of 
the photoresist in HF etching solution is poor, the photoresist layer can still help to 
improve the overall etching resistance of the masking layer. During the spin-coating 
process, the photoresist will penetrate and fill the cracks. Hard baking the photoresist 
increases its adhesion on the surfaces and removal of photoresist from the cracks during 
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the wet etching process becomes more difficult. The thickness of the gold layer also 
plays an important role in determining a good etching process. After thinning of the 
wafer using the wet etching process, the surface roughness (Ra) increases from 1 nm up 
to 10 nm. A high value of surface roughness will increase the number of stress 
concentration points in the masking layer and therefore increase the number of cracks. 
By increasing the thickness of the Au layer, the penetration of the etching solution 
through the cracks (in fact nano-channels) is much slower such that the overall 
performance of the masking process is improved. Etching of the via-holes was 
performed using the same solution HF/HCl (10/1). No major defects (pinholes and 
notching defects on the edges) were observed after processing. The Cr/Au mask was 
removed in the same Cr and Au etchants (the photoresist mask had already pealed off 
during wet etching in HF/HCl). Another wet etching process of 1.5 minutes (equivalent 
to a depth etch of 10 μm) was performed mainly to remove the sharpness of the edges 
and also to remove the non-uniform effects of the wet etching process (during the 
via-holes etching the etch-stop process cannot be realized due to the small size of the 
mask and the large depth of etching). The modification of the edge sharpness plays an 
important role for the subsequent steps of the fabrication process: the photoresist flow 
during the spin-coating is more uniform, and the risk of metallization step coverage 
issues over a sharp edge is eliminated.  
Processing of metallization leads 
The metallization was performed using a Cr/Au (50 nm/1 μm) layer deposited 
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using an e-beam evaporator. A critical step is the patterning of the metal layer due to the 
extremely non-planar surface of the etched wafer (around 100 μm). In the absence of a 
spray-coater, we chose a process with a thick positive photoresist AZ9260. For better 
uniformity, the spinning of the photoresist was performed at a low speed of 1500 rpm. 
In order to increase the coverage of the via-edges, the thickness of photoresist was 
increased by performing a double coating. The final thickness of the photoresist 
(measured on a planar surface) was 25 μm. The mask was over-exposed in order to 
cover the non-uniformities of the deposited photoresist. After photoresist patterning, 
the Cr/Au layer was etched using a similar process that is used for the Cr/Au etching 
mask. The fabricated device with inlet/outlet tubes assembled is presented in Figure 4.6, 
4.7. 
 
Figure 4.6 Top view with a process DEP wafer 
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Figure 4.7 Fabricated DEP chip with top inlet/outlet  
4.3 DEP chip with lateral inlet/outlet 
4.3.1 Design 
In the previous section, we introduced a DEP chip with top inlet/outlet and 3D 
silicon electrodes. Here we describe an improved version of this device, as shown in 
Figure 4.8 and 4.9. The new structure provides lateral inlet/outlet connections for 
fluidic transportation. Channels etched in both sides of top glass die facilitate lateral 
input/output of fluid. An obvious advantage of the DEP chip with lateral inlet/outlet 
over the previous is that this device provides multi-channels (more than 10) for fluidic 
flow such that the trapping efficiency of cells can be greatly improved. 
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Figure 4.8 A 3D scheme of DEP chip with lateral inlet/outlet 
 
Figure 4.9 The structure of DEP chip with lateral inlet/outlet 
4.3.2 Fabrication 
The main steps of the fabrication process of DEP device with lateral inlet/outlet 
consist of: fabrication of the top glass wafer with lateral inlet/outlet (Figure 4.10a), 
wafer-to-wafer anodic bonding process (Figure 4.10b), definition of electrodes and 
microchannels in the silicon wafers (Figure 4.10c), assembly of the second glass wafer 
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(Figure 4.10d), thinning of the bottom glass wafer (Figure 4.10e), processing of 
via-holes (Figure 4.10f) and processing of the metallization leads (Figure 4.10g).  
 
Figure 4.10 Fabrication process of DEP chip with lateral inlet/outlet  
Fabrication of the top glass wafer with lateral inlet/outlet 
A lateral channel with a width of 500 μm and a depth of 250 μm was etched in a 
glass wafer (Corning7740) for the inlet-outlet access (Figure 4.10a). The etching was 
performed through an amorphous silicon mask (2 μm-thick) deposited using an STS 
Multiplex ProCVD system, at a power of 500 W (13.56 MHz –RF frequency mode), 
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pressure of 900 mTorr, using SiH4 and Ar and N2 as the precursor gasses and a 
deposition temperature of 300 OC. The wafer was annealed at 500 OC for 3 hours in a N2 
environment in order to reduce the residual stress in the masking layer (Iliescu et al., 
2005). Photoresist AZ7220 (from Clariant) was used to transfer the pattern to the 
amorphous silicon layer. The amorphous silicon mask was etched by an Adixen RIE 
system using SF6. The wet etching of glass was performed in an HF (49%) solution 
using magnetic stirring for 45 minutes. After that, the photoresist and amorphous 
silicon were removed in photoresist stripper (NMP) and KOH solution respectively. 
The depth of the channel was in the range of 230 –260 μm.  
First wafer-to-wafer anodic bonding 
A 4” silicon wafer with <100> crystallographic orientation, and thickness of 300 
μm was wafer-to-wafer anodically bonded to a 4” Pyrex glass wafer (Corning 7740) 
with thickness of 500 μm (Figure 4.10 b). For a good bonding process, the wafers were 
cleaned in piranha (H2SO4/H2O2 in ratio 2/1) at 120 OC for 20 minutes then rinsed in DI 
(deionized) water and spun-dried. The bonding process was performed at 305 OC, an 
optimal temperature for bonding silicon to Corning 7740. The anodic bonding was 
performed at 800 V, with an applied pressure of 500 N on an EVG 602 wafer bonder 
system. 
Definition of electrodes and microchannels in the silicon wafers 
The next step was the definition of the electrodes and microfluidic channels in a 
silicon wafer with a thickness of 300 μm (Figure 4.10 c). For this process, a double 
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masking layer photoresist/silicon oxide was used. A 2 μm-thick SiO2 - PECVD layer 
was deposited using an STS Multiplex ProCVD tool at 300 OC using SiH4 and N2O 
gases at a pressure of 900 mTorr and a power of 500 W (13.56 MHz RF mode). On the 
top of this layer, a 5 μm-thick photoresist mask (AZ4620 from Clariant) was deposited 
using a classical photolithographic process. The photoresist mask was transferred to the 
silicon oxide layer using a plasma etching process in an ICP deep RIE Adixen 101-DE 
using CHF3/He as the process gases. The final definition of electrodes and microfluidic 
channels was performed using an anisotropic deep RIE Bosch process in an Adixen 101 
ICP- deep RIE using SF6/C4F8 as the process gases. After that, the photoresist layer was 
removed in a photoresist stripper. A cleaning process in piranha at 120 OC for 20 
minutes was performed in order to remove the residual photoresist.  
Assembly of the second glass wafer by adhesive bonding 
For the second wafer-to-wafer bonding process, adhesive bonding process was 
preferred to the classical anodic bonding technique. The adhesive bonding does not 
require special surface preparation or materials to bond. In addition, a second anodic 
bonding process requires a high temperature (550-500 OC) (for increased conductivity 
of the glass). A contact imprinting bonding process using SU8-5 photoresist was used 
for the adhesive bonding between the wafer with silicon electrodes and the glass wafer 
with lateral inlet/outlet. For this bonding process, a thin layer of SU8-5 was first 
spin-coated on a dummy silicon wafer that was pre-treated with HNO3 to obtain a 
hydrophilic surface. Then the cover wafer was brought in contact with the glass wafer. 
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The detachment between the wafers was performed on a hotplate at 150 OC. In the next 
step the glass wafer and silicon wafer with electrodes were aligned and brought in 
contact by the EVG mask aligner. The bonding process was performed at 100 OC for 30 
minutes with an applied force of 1500 N using EVG wafer bonder system. The process 
assures a fully bonded area (without bubbles). A detailed description of adhesive 
bonding using SU-8 is mentioned in the later section. 
Thinning of the bottom glass wafer 
Please refer to section 4.2.2 for the description of the same process 
Processing of via-holes 
Please refer to section 4.2.2 for the description of the same process 
Processing of metallization leads 
The metallization was performed using a Cr/Au (50 nm/1 μm) layer deposited on 
using CHA e-beam evaporator. For this process, the key difficulty is the photoresist 
coverage for high topographical via-holes. Conventional spin coating technique usually 
causes defects on the resist layer. On the sidewall of the trench, the photoresist will flow 
down along the slope accumulating at the bottom corners and causing discontinuities at 
the top corner. To avoid such problems, a spray coating technique was used for the 
deposition of the photoresist layer. To achieve the desired viscosity, a new mixture is 
concocted by mixing the conventional AZ4620 photoresist with solvents such as MEK 
(methyl-ethyl ketone) and PGMEA (Propylene-glycol-monomethyl-ether-acetate). The 
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optimum mix was established for a ratio AZ4620: MEK: PGMEA of 2:3:1. With this 
solution, good coverage and uniformity of photoresist was achieved.  A detailed 
discussion related to the spray coating technique will be mentioned in later sections.  
After the photoresist patterning the Cr/Au layer was then etched by Au/Cr etchant. The 
final fabricated chip is shown in Figures 4.11 and 4.12 
.  
Figure 4.11 Top view of processed wafer with DEP chip with lateral inlet/outlet 
 
Figure 4.12 Fabricated DEP chip with lateral inlet/outlet 
4.4 DEP chip with two inlet/outlets 
4.4.1 Design 
The structure of DEP device with two inlet/outlets is shown in Figure 4.13 and 
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4.14. This device provides a 9 × 9 3D silicon electrode array. Four holes etched in 
the top glass provide bidirectional inlet/outlets of fluid, which provide a new 
separation method for mixture of different particles. 
 
Figure 4.13 3D scheme of DEP chip with two inlet/outlets 
 
Figure 4.14 The structure of DEP chip with two inlet/outlets 
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4.4.2 Fabrication 
The fabrication processes of DEP chip with two inlet/outlets consist of: 
fabrication of the top glass wafer with two inlet/outlets (Figure 4.15a), glass-to-silicon 
anodic bonding process (Figure4.15b), fabrication of electrode array and 
microchannels in the silicon wafers (Figure 4.15c), assembly of the second glass wafer 
(Figure 4.15d), thinning of the bottom glass wafer (Figure 4.15e), processing of 
via-holes (Figure 4.15f) and processing of metal electrodes (Figure 4.15g).  
 
Figure 4.15 Fabrication processes of DEP chip with two inlet/outlets 
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Fabrication of the top glass wafer with two inlet/outlets 
Four holes were etched in a glass wafer (Corning7740) with a thickness of 500 μm 
for the inlet-outlet access of fluid (Figure 4.15a). The etching was performed through a 
low stress amorphous silicon mask with a thickness of 1.2 μm deposited using an STS 
Multiplex ProCVD system, at a power of 120 W (13.56 MHz –RF frequency mode), 
pressure of 800 mTorr, using SiH4 and Ar and N2 as precursor gasses and a deposition 
temperature of 200 OC. Photoresist AZ4620 (from Clariant) was used to transfer the 
pattern to the amorphous silicon layer. The amorphous silicon mask was etched by an 
Adixen RIE system using SF6. After that, the photoresist AZ4620 was hard baked for 
half an hour and acted as mask together with the amorphous silicon for glass etching. 
The wet etching of glass was performed in an HF (49%) solution using magnetic 
stirring for 100 minutes. After that, the photoresist and amorphous silicon were 
removed in photoresist stripper (NMP) and KOH solution respectively.  
Glass-to-silicon anodic bonding process 
A 4” silicon wafer, with a thickness of 200 μm was wafer-to-wafer anodically 
bonded to a 4” Pyrex glass wafer (Corning 7740) with a thickness of 500 μm (Figure 
4.15b). Please refer to section 4.3.2 for the description of the same process. 
Fabrication of electrode array and microchannels in the silicon wafers 
The next step was the fabrication of the electrode array and microfluidic channels 
in a heavy-doped silicon wafer with a thickness of 200 μm (Figure 4.15c). A 2 μm-thick 
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SiO2 - PECVD layer was deposited using an STS Multiplex ProCVD tool at 300 OC 
using SiH4 and N2O at a pressure of 900 mTorr and a power of 500 W (13.56 MHz RF 
mode). The patterns was transferred from photoresist AZ7220 to the silicon oxide layer 
using a plasma etching process in an ICP deep RIE Adixen 101-DE using CHF3/He as 
process gases. Then the photoresist was removed in photoresist stripper (NMP). The 
final definition of electrodes and microfluidic channels was performed using an 
anisotropic deep RIE Bosch process in an Adixen 101 ICP- deep RIE using SF6/C4F8 as 
process gasses.  
Assembly of the second glass wafer 
In the second wafer-to-wafer anodic bonding, the alignment of the wafers was 
processed without the aid of any equipment. Minor offset between alignment would 
not affect the function of the device. The bonding was performed at 400 OC with an 
applied voltage of 1200 V and an applied force of 1500 N in vacuum on an EVG 602 
wafer bonder system. 
Thinning of the bottom glass wafer 
Via-holes must be etched through the bottom glass wafer to provide a connection 
to silicon electrode array. Due to the nature of the isotropic etching process, the size of 
the etched via-holes will become much larger compared to the designed dimension. 
Thus the thickness of bottom glass wafer should be thinned to around 100 μm in order 
to achieve a good connection to silicon electrode array with a diameter of 200 μm. The 
glass wafer was lapped to around 100 μm by Logitech lapping system using solution 
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mixed with calcined aluminum oxide powder and DI water (10:1) and then polished by 
Logitech chemical delayering & planarization system using polishing suspension type 
SF 1 solution.  
Processing of via-holes 
A low stress amorphous silicon mask with a thickness of 0.6 μm, using the same 
recipe for fabrication of the top glass wafer with two inlet/outlets, was also used for the 
via-holes etching. 
Processing of metal electrodes 
To provide the electrical contact to silicon electrode array, a Cr/Au (50 nm/400 
μm) metal layer was deposited on the bottom glass surface using CHA e-beam 
evaporator. The fabrication process can refer to the same process in section 4.3.2. The 
final fabricated chip is shown in Figure 4.16. 
 
Figure 4.16 Fabricated DEP chip with two inlet/outlets 
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4.5 DEP chip with asymmetric electrodes 
4.5.1 Design 
The design of the DEP chip with asymmetric electrode is presented in Figure 4.17 
and 4.18. The inlet/outlet holes of the microfluidic channel are defined in the top glass 
die. The microfluidic channel and the thick electrode are defined in the second die – 
bulk silicon (heavily-doped, single crystal). The bottom glass die contains the thin 
electrode (doped amorphous silicon thin layer) on the top surface and a metallization 
Cr/Au layer on the bottom side of the wafer. The electrical connection of the 
metallization with the thick and thin electrodes is assured through via-holes performed 
in the bottom glass, similar as previous described. 
 
Figure 4.17 3D scheme of DEP chip with asymmetric electrodes 
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Figure 4.18 The structure and layout of DEP chip with asymmetric electrodes  
4.5.2 Fabrication 
For the fabrication of the DEP device with asymmetric electrodes,  three wafers 
were used: a glass wafer (Corning 7740, 700 μm-thick) in which the inlet/outlet holes 
were performed using drilling with diamond bits, a heavily-doped silicon wafer 
(0,001-0,015 Ωcm) with a thickness of 100 μm and a second glass wafer (also 
Corning7740) 500 μm-thick. The steps of the fabrication process are presented in 
Figure 4.19. The main steps of the fabrication process include first bonding of silicon 
wafer and top glass wafer with inlet/outlet (Figure 4.19a), definition of bulk silicon 
electrode and microfluidic channel (Figure 4.19b), fabrication of thin doped 
amorphous silicon electrode (Figure 4.19c), second bonding of silicon wafer with bulk 
electrodes and bottom glass wafer with thin doped amorphous silicon electrode(Figure 
4.19d), thinning of bottom glass wafer(Figure 4.19e), fabrication of via-holes(Figure 
4.19f), metallization(Figure 4.19g). 
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Figure 4.19 Main steps of the fabrication processes of the proposed DEP chip with 
asymmetric electrodes 
First bonding of silicon wafer and top glass wafer with inlet/outlet 
A first wafer-to wafer anodic bonding process was performed between the glass 
wafer with inlet/outlet holes and the thin silicon wafer (Figure 4.19a). The fabrication 
process can refer to the same process in section 4.4.2. 
Definition of bulk silicon electrode and microfluidic channel 
The fabrication of bulk silicon electrodes was performed in the next step (Figure 
4.19b). A masking layer SiO2 was preferred instead of the classical photoresist due to its 
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thermal stability. A SiO2 PECVD layer with a thickness of 1 µm was deposited using a 
STS Multiplex ProCVD tool at 300 OC, from SiH4 and N2O, at a pressure of 900 mTorr 
and a power of 500 W (13.56 MHz RF mode). On the top of this layer a thin photoresist 
mask (AZ7220 from Clariant) was deposited using a classical photolithographic 
process. The alignment was performed from the backside of the wafer on an 
EVG620TB using rings-features with diameter smaller and bigger than the drilled 
holes (1.6 mm). Nevertheless, the alignment for inlet/outlet holes with the 
microfluidic channel is not critical (an error of 0.1-0.2 mm cannot affect the good 
functionality of the device). The photoresist mask was transferred to the SiO2 layer 
using a plasma etching process in an ICP deep RIE system (Adixen 101-DE) using 
CHF3/He as the process gases. Subsequently, the photoresist layer was removed in the 
NMP stripper. Using the SiO2 mask, the bulk silicon electrodes and microfluidic 
channels were anisotropically etched (Bosch process) in an ICP deep RIE system 
(Adixen 101 ICP- Si) using SF6/C4F8 as the process gasses. During etching, the wafer 
was temporary bonded on a dummy silicon wafer using wax. 
Fabrication of thin doped amorphous silicon electrode 
For the fabrication of the thin electrode (Figure 4.19c), silicon can be a very 
suitable material instead of the classical multi-layer electrodes. It is practically inert in 
HF solution, and can be easily deposited on glass surface using different methods 
(LPCVD, PECVD, Sputtering). Polysilicon deposited in LPCVD furnace requires 
deposition temperature around or over the annealing point of the glass (560 OC for 
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Corning7740), and as such, PECVD amorphous silicon provides a better solution. The 
main disadvantage of PECVD amorphous silicon compare with polysilicon is the 
relatively high compressive stress (500-600 MPa). The stress in the silicon layers 
(amorphous silicon or polysilicon) can be controlled by annealing (Iliescu et al., 2005) 
and/or doping (Chen et al., 2001). An amorphous silicon layer (2.5µm-thick) was 
deposited on a glass wafer Corning7740 using a STS Multiplex ProCVD system. In 
order to improve the conductivity of the layer, a 100 nm-thick aluminum layer (solid 
source for diffusion) was deposited onto the amorphous silicon layer using an 
UNAXIS LSVO sputtering system. Photoresist AZ7720 (from Clariant) was used to 
transfer the pattern on Al and amorphous silicon layers. The patterning was performed 
in an RIE system (STS). SiCl4 gas was used for etching Al while SF6 gas was used to 
etch amorphous silicon. The wafer was annealed at 500 OC for 3 hours in a vacuum for 
the diffusion of Al. The resistivity of the layer measured on a test wafer using a 5-point 
probe was 100 Ω/Square. The stress value, measure after annealing of the wafer was 
150 MPa (compressive). 
Second bonding of silicon wafer with bulk electrodes and bottom glass wafer 
with thin doped amorphous silicon electrode 
 The second wafer-to-wafer anodic bonding (Figure 4.19d) must assure the 
position between the thin and thick electrodes. For this reason, a good alignment is 
critical. The alignment of the wafers was performed on an EVG620TB mask aligner 
and, after that; the bonding process was done on EVG620 wafer bonding system. The 
Chapter 4 Design and fabrication of DEP devices with 3D silicon microchannel walls 
 132
bonding temperature was 550 OC (to increase the conductivity of the glasses) while the 
applied voltage is 1500 V and 1000 N applied force in vacuum. In this condition, a very 
good bonding was achieved (verified visually by the absence of Newton’s rings). 
Thinning of bottom glass wafer 
Please refer to section 4.2.2 for the description of the same process 
Fabrication of via-holes 
In the next step the fabrication of the via-holes was performed (Figure 4.19f). 
Please refer to section 4.2.2 for the description of the same process 
Metallization 
A Cr/Au layer (50 nm/1 µm) was performed on the bottom glass surface to 
provide the electrical connection to the silicon electrode (Figure 4.19g). Please refer to 
section 4.3.2 for the description of the same process. An image with the fabricated 
chips is shown in Figure 4.20. 
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Figure 4.20 Image with fabricated DEP chips with asymmetric electrodes 
4.6 Developed microfabrication techniques for fabrication of 
DEP chips 
Fabrication of DEP devices is a complex and difficult process. Many technical 
challenges are involved: fabrication of patterns in a glass wafer with a thickness of 
500 µm; second bonding of silicon wafer and glass wafer; good uniformity of glass 
surface after thinning from 500 μm to 100 μm; pattern transfer of non-planar surface. 
In the next sections, we will discuss some developed microfabrication technologies, 
not only for the fabrication of our devices but also for other MEMS applications.  
4.6.1 Optimization of spray coating of photoresist for high 
topographical surfaces 
Spin coating of photoresist, although an established technique for resist 
deposition is often not suitable for applications with high topographical surfaces on the 
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silicon or glass surface. Since 3D structures such as trenches, V-grooves and holes are 
the basic elements in building the required functionality of MEMS devices, spin 
coating usually causes defects on the resist layer (Ichiki et al., 2003). Especially in the 
sidewall of the trench, the photoresist will flow down along the slope, accumulating at 
the bottom corner and causing discontinuities at the top corner. For the metal patterning 
(metallized via-holes) the discontinuity of the photoresist layer in these regions is 
critical. In a positive photolithography, the metal layer will not be protected by the 
photoresist at the top corner regions. As a result, the metal layer will be etched and the 
functionality of the device will be affected. Another problem associated with the 
spinning process on wafers with high topographical features is related to the uniformity 
of the deposition. Due to the Coriolis force and the non-planarity of the wafer, the 
uniformity of the photoresist layer on the top surface of the wafer is very poor.  
As photoresist coating of high topography surfaces is basic in MEMS 
applications, recent efforts for the development in photoresist coating were discussed 
(Pham et al., 2004). Of all, one favorite method of photoresist coating is the spray 
coating technique (Pham et al., 2005) because this approach is economical, simple and 
reproducible, it can potentially substitute conventional spin coating techniques and 
other methods. 
Although the potential impact of spray coating technique in microfabrication, 
several issues regarding to a suitable solution and optimization of this spray coating 
approach ought to be addressed. To date, there are no commercial photoresist for spray 
coating techniques. Hence, we often have to mix the conventional photoresist with 
Chapter 4 Design and fabrication of DEP devices with 3D silicon microchannel walls 
 135
solvents such as MEK (methyl-ethyl ketone) and PGMEA 
(Propylene-glycol-monomethyl-ether-acetate) to adjust the evaporation rate and the 
solid content of the photoresist. Also, it is troublesome to prepare photoresist for spray 
coating; even though there have been several successful cases for optimizing a suitable 
composition of photoresist and solvents. Although some groups have done research on 
the effect of photoresist on the high topography surfaces, few works have concerned 
about the sidewall of 3D structures. Information regarding the uniformity of the 
photoresist coated along the sidewalls and limitations of the proposed technique are 
useful for deciding if the optimized photoresist and process is suitable for the proposed 
application.  
In this section, we present a practical optimization approach for the photoresist 
mix and a reliable method to improve the quality of the photoresist coated not only on 
the planar surface, but also at the edges and side of slopes within the trenches. With the 
analysis from a wide range of topography, the reliability of the designed photoresist and 
process can be assured.  
4.6.1.1 Optimized method for spray coating 
The optimization procedure for the spray coating is summarized in Table 4.1. 
After the preparation of the wafers with trenches, the EVG 101 equipment is then 
optimized for the spray coating application. Once the criteria were met, a number of 
mixture of photoresist and solvents were used to understand the effects of the solution 
on the resulted spray coated wafers, especially at the edges of the wafers.  
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Table 4.1 Optimization process for spray coating 
4.6.1.2. Wafer preparation 
Silicon <100> wafers with trenches of different areas are prepared. First, a 
thermal oxide layer of 1 μm was grown in a Tystar furnace at 1100 OC. Through 
photolithography, patterns of various shapes are transferred to the photoresist AZ4620 
on the wafers using a classical photolithographic process. Using Adixen RIE system the 
exposed oxide is etched in CHF3/He environment resulting in a durable oxide mask 
suitable for deep etching of silicon in alkaline solutions. Before the wafers are 
wet-etched using KOH, the photoresist is removed using a suitable photoresist stripper 
(NMP). The trenches in the wafers are then etched to 100 μm depth performed by 
Task Optimized Parameters Expected Results 
Wafer 
Preparation 




1) Scan speed 
2) Spinning velocity of 
the wafers 
 3) Nozzle pressure 
1) Coverage of coated photoresist on 
wafer  
2) Uniformity of coated photoresist on 
planar part of wafer 
Photoresist for 
spray coating 
1) Solvents   
2) Solid contend 
 
1) Good coverage of coated 
photoresist on wafer 
2) Good uniformity of coated 
photoresist on sidewall of wafer 
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anisotropically wet etching in a KOH 30% solution at 90 OC. The etch depth was 
time-controlled. The slope of the acute angle made is 54.70. Upon reaching the right 
depth, the oxide mask is removed in a classical BOE solution. For good adhesion of the 
photoresist layer, and also for a better simulation on classical applications where 
via-holes or trenches are generally isolated a 200 nm-thick oxide layer (TEOS-PECVD) 
was deposited on STS Pro CVD equipment. Figure 4.21 depicts the fabrication of the 
mentioned processes.  
 
Figure 4.21 Fabrication process of wafers with trenches: a) silicon wafer, b) thermal 
oxidation, c) photoresist deposition, d) photoresist patterning, e) transfer of the pattern 
to the oxide layer, f) via-holes etching, g) removing of the oxide mask, h) TEOS-PECVD 
deposition. 
4.6.1.3 Optimization of spraying systems 
The EVG direct spray coating system has an ultrasonic spray nozzle with a 
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patented droplet filter and an innovative dispensing method (Pham et al., 2005). For 
this equipment to be used effectively, there are several adjustable parameters to be 
considered for the spray coating system.  
z Volume of dispensed photoresist  
z The scanning speed of the atomizer 
z Spinning velocity of the wafer 
z Distance from spray nozzle to the substrate 
z The spray pressure.  
In a series of experiments to optimize the spray coating equipment for general use, 
a solution of suitable mix is first used to investigate how some equipment parameters 
can affect the coverage and uniformity of the sprayed photoresist wafer (with trenches). 
The edges along the trenches are broken to investigate the uniformity along the slope of 
the trenches. The photoresist solution of AZ4620: MEK: PGMEA is 1:1.5:0.5. The 
solid content for this solution is about 13%. Using this solution, the equipment 
parameters are optimized to produce good uniformity and coverage. The reason for 
using a viscous photoresist is to ensure that the spray coater is most optimized before 
using less viscous mix in the later part of the experiment. Thus when using solution of 
lesser solid content, the photoresist coated can maintain a good coverage and 
uniformity as possible. 
The parameters under consideration are scanning speed of the atomizer, the 
spinning velocity of the wafer and the spray pressure of the spray nozzle. These can 
affect the coverage and uniformity of photoresist used. The scanning speed of the 
Chapter 4 Design and fabrication of DEP devices with 3D silicon microchannel walls 
 139
atomizer is first adjusted such that the sprayed photoresist is capable of covering the 
whole wafer. Next, the spinning velocity of the wafer is adjusted to obtain a uniform 
planar coating. The cross-sections of the trenches are examined to investigate the 
uniformity of the photoresist along the slop and edges of the trenches. If bulk of the 
photoresist remains at the top, as illustrated in Figure 4.22a, the spray pressure should 
be reduced so that the droplets sprayed will be larger and more mobile. Conversely, if a 
condition as illustrated in Figure 4.22b is observed, the spray pressure should be 
increased. 
 
Figure 4.22 Illustrations of possible spray coated 
Hence, the EVG spray coater machine is optimized for further experiments. The 
thicknesses at the bottom surface of the trenches are measured so that the uniformity of 
the photoresist can be measured as shown in Figure 4.23. The uniformity of the 
photoresist at the planar surface is around 10%. 
Chapter 4 Design and fabrication of DEP devices with 3D silicon microchannel walls 
 140
 
Figure 4.23 Uniformity of the photoresist for bottom surface 
The photoresist is also sprayed on a plain wafer to investigate the thickness of the 
coated photoresist, as shown in Figure 4.24. The volume of photoresist used is an input 
from the EVG spray coater machine. After spray coating, the wafers were baked on a 
hot plate at 110 OC for 1 min. The thickness is then measured by the reflectance 
spectrometry technique (Filmetrics-F50).   
 
Figure 4.24 Calibration curve for thickness of photoresist 
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4.6.1.4 Optimization of the photoresist/solvent ratio  
The next part of the experiment includes mixing solution of various solid content 
and evaporation rate. From the various mix of photoresist and solvent used, a deduction 
can be made to understand which photoresist solution is most suitable for the coating of 
high topographical surfaces.  
Effect of Solvent types on quality of coated surfaces 
There are two main areas of investigation. Firstly the effects of evaporation rate 
on the slope and the edges of the trenches have been studied. Three solutions of the 
same solid content (13%) are mixed with different proportions of solvents. MEK has a 
boiling point of 80 OC while PGMEA 155 OC. Since MEK evaporates much faster than 
PGMEA, mixing AZ4620 with MEK makes the solution less mobile as compared to 
mix with PGMEA. Figure 4.25 and 4.26 illustrate the effects of evaporation rate of the 
solvent on the photoresist of planar surface and sidewall of trenches. 
It is observed that the surface roughness of the photoresist is affected by the type 
of solution used. Solution with only MEK tends to produce a rougher surface as 
compared to solutions using only PGMEA. This observation compliments those 
discussed into literature (Pham et al., 2005). However, the profile for photoresist along 
the edges is better when coated with solution containing MEK. When MEK is used, the 
solution evaporates more quickly hence limiting the solution’s ability to flow. Since the 
EVG 101 spray coater is optimized to produce an even distribution of photoresist 
droplets, MEK helps to ensure conformity in thickness by evaporating quickly. In 
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conclusion, the ratio of MEK to PGMEA can be optimized to give both a good surface 
on both the planar and edge coating. 
 
Figure 4.25 the planar surface effects on the changes in the solvents’ evaporation rates 
(a) AZ4620:MEK:PGMEA =1:1.5:0.5; (b) AZ4620:MEK=1:2; (c) AZ4620: 
PGMEA=1:2 
 
Figure 4.26 the sidewall effects on the changes in the solvents’ evaporation rates (a) 
AZ5620:MEK:PGMEA =1:1.5:0.5; (b) AZ5620:MEK=1:2; (c) AZ5620: PGMEA=1:2 
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Effect of solid content on quality of coated surfaces 
The next part of the experiment is to optimize the solid content of a solution based 
on the same MEK: PGMEA ratio. The aim of this series of experiments is to investigate 
the dependency of the solid content on the surface roughness and uniformity along the 
cross-section of the trenches.  
Based on the optimized MEK: PGMEA ratio, solutions of various AZ4620: 
(MEK: PGMEA) are mixed to give different solid content. The solid content of these 
solvents ranges from 5% to 15%. Figure 4.27 depicts the results of the experiment. It is 
noted that as the solid content of the solver goes higher, the solution becomes more 
viscous. Thus, the solution is less mobile and can be accumulated at the top edge of the 
trench. However, solution with solid content of 6%, being less viscous gets 
accumulated at the bottom corner of the trenches. Also, it is noticed that the solid 
content has little influence on the uniformity of the planar part of the wafer.  
 
Figure 4.27 Illustrations on the effects on the changes in the solid content (a) 
AZ5620:MEK:PGMEA=2:3:1; (b) AZ5620:MEK:PGMEA=1:3:1; 
From the series of investigations, it is concluded that the optimum mix for 
AZ4620: MEK: PGMEA should be 1:1.5:0.5. With this solution, a good coverage and 
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uniformity of the photoresist can be achieved not only on planar surface, but also in 
sidewall of the trenches. An additional example with the V groove shape is shown in 
Figure 4.28. 
 
Figure 4.28 Photoresist coverage of a via-hole 
4.6.1.5 Spin coating versus spray coat 
The uniformity of the photoresist layer is a critical factor in photolithography 
process. Due to the variation in the thickness of the photoresist layer, over- or 
under-exposure to ultra-violet radiation might occur during the patterning process. For 
either case, this effect is undesirable. Thus, it is critical to have a good control over the 
thickness and uniformity of the coated photoresist so that the exposure parameters 
under the UV radiation can be optimized for the process. Herein, we compare the 
quality of spin coating to spray coating technique by analyzing the thickness and 
uniformity of the coated photoresist on silicon wafers with chemically etched trenches. 
The spin coating and spray coating methods have been used to coat the silicon wafers 
with 100 μm-deep trenches. In the spin coating process, AZ4620 is first dispensed on 
the centre of the wafer. The wafer was then spun at a low speed of 1000 rpm for 
Chapter 4 Design and fabrication of DEP devices with 3D silicon microchannel walls 
 145
1minute. As for the spray coating technique, an optimized photoresist mixture of 
AZ4620: MEK: PGMEA of 1: 1.5: 0.5 is used. The results of the spin coating of the 
photoresist, AZ4620, are depicted in Figure 4.29 and Figure 4.30. It is noted that the 
thickness of the photoresist on the surface of the wafer is about 15 μm, but the mean 
thickness at the bottom surface is about 3.5 μm. Although the uniformity of the 
photoresist on the top surface of the wafer is about 10%, the uniformity of the resist 
layer at the bottom surface shows a great variation of up to 70%. The thickness and 
uniformity of the photoresist layer on the top surface and bottom surface of wafer after 
spray coating are shown in Figure 4.31. The thicknesses of coated photoresist were 
uniform for both the top and bottom surfaces with approximately 10% variation.  
 
Figure 4.29 Photoresist thickness of bottom surface and top surface after spin coating 
 
Figure 4.30 Uniformity of bottom surface and top surface after spin coating 
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Figure 4.31 Photoresist thickness and uniformity of top surface and bottom surface 
after spray coating 
Besides the uniformity in coating, another problem with spin coating technique is 
the inconsistency in the thickness of the photoresist along the slopes of the trenches. As 
shown in Figure 4.32a, due to the fluidity of the photoresist and centrifugal effect of the 
spinning chuck (wafer is held by vacuum to the spinning chuck), the photoresist will 
flow down along the slope and be accumulated at the bottom corner. This causes a 
disconnection at the top corner, leading to the failure of the device. This problem can be 
eliminated if the spray coating technique is used. The nozzle of the spray coater 
oscillates while producing microscopic resist droplets of around 20 µm in diameter. 
The droplets are sprayed onto the surface of the wafer. The solvent of the photoresist 
then evaporates with the solid contents of the photoresist being left behind on the 
surface to produce a uniform resist layer along the sidewall of the trench as depicted in 
Figure 4.32b. The evaporation of the photoresist droplets minimizes the accumulation 
of photoresist at the bottom of the trenches, and with the optimization of the photoresist 
solution as described above. Overall, spray coating is a more reliable process than spin 
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coating for coating of photoresist on high topographical surfaces. 
 
     Figure 4.32 Photoresist coverage along the sidewall of trench                   
(a) spin coat (b) spray coat 
4.6.1.6 Effect of the geometries of 3D microstructure on the photoresist quality 
So far, the effects of the geometries of the 3D microstructures on the quality of the 
photoresist layer are not considered. Here, the effects of the area and depth of the 
trenches to understand the possible limitations of spray coating. 0.5 × 0.5 mm2 and 2 × 2 
mm2 square trenches of depth 100 μm have been investigated. As illustrated in Figure 
4.33 and Figure 4.34, the area of the structure has little effect on the uniformity of the 
bottom surface and sidewall. However, the thickness of the photoresist layer on the 
bottom surface and sidewall of the trench with small area is larger as compared to one 
with a 2 × 2 mm2 square trench. This can be explained by the fact that the trench with 
the larger area has larger coating area as compared to the trench with the smaller area, 
thus resulting in a thinner photoresist layer.  
Although there have been previous work done in studying the effects of the depth 
of cavities on the thickness of the bottom surface (Pham et al., 2004), no one has yet 
critically examined the photoresist layer coated along the sidewalls of the trenches. In 
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our experiment, we further investigate the reliability of spray coating on the topography 
of 2 depths: square trenches of depth 100 μm and 200 μm. Similarly, due to the variation 
in coating area, the photoresist thickness decrease when the etch depth of the trenches 
increase, as depicted in Figure 4.35. However, this effect in variation does not result in 
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Figure 4.33 Photoresist thickness and uniformity of bottom surface for squares with 
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Figure 4.34 Photoresist thickness and uniformity of sidewall for squares with          
area 2 × 2 mm2   and .5 × 0.5 mm2 
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Figure 4.35 Photoresist coverage for trenches with different depth                 
(a) 100 µm (b) 200 μm 
4.6.1.7 Application of spray coating for 3D microstructures 
With the optimized spray coating process, a 3D dielectrophoretic MEMS device 
for separation of cells was fabricated as shown in Figure 4.36a. In this experiment, we 
etch a series of 100 μm-deep trenches on a Pyrex glass wafer using HF acid and Cr/Au 
mask. To complete the selective metallization of these trenches and via holes, the spray 
coating technique was used to pattern a new Cr/Au layer for metallization and electrical 
contact for the device. Figure 4.36b shows the results of the metallization.  
Alternatively, another wafer has been prepared using the same technique, only to 
replace spray coating with spin coating at 1000 rpm. It is observed that most of the 
metal layer at the top edge of the trenches is not protected by photoresist, resulting in 
unwanted exposure of the metal layer to the etchant. This is the main reason of device 
failure when using spin coating for MEMS devices. However, there was no problem 
with unwanted exposure when spray coating was used for the same application. In 
another experiment shown in Figure 4.37a, 6 × 6 mm2 squares have been etched through 
in a 1mm thick glass wafer. The Au/Cr electrode has been selectively patterned on the 
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etched glass (Figure 4.37b). This could not have been achieved using the spin coating 
technique.      
 
Figure 4.36 Cr/Au metallization on a via-hole with a depth of 100 μm 
 
Figure 4.37 Cr/Au electrodes fabricated on a wafer with                           
6 × 6 mm2 areas and 1mm depth    
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4.6.2 SU-8 wafer-to-wafer bonding using contact imprinting 
4.6.2.1. Introduction 
Wafer-to-wafer bonding is an industrial proven fabrication process used mainly 
for packaging of MEMS devices. The available bonding techniques used for industrial 
or research application can be classified as: silicon fusion bonding (Tong et al., 1999), 
low temperature direct bonding (Hiller et al., 2003), anodic bonding (Younger et al., 
1980), eutectic bonding (Lin et al., 1998), glass-frit bonding (Wiemer et al., 2003) and 
adhesive bonding (Niklaus et al., 2001; Oberhammer et al., 2003; Reuter et al., 2005).  
Silicon fusion bonding requires the processing to be carried out at high 
temperature (usually 800-1100 OC). Also, the roughness of the surface is a very 
important parameter. As a result, the application area is limited. Low temperature 
bonding of silicon wafer is a process that starts to be developed recently using plasma 
activation of the surface. The bonding temperature is relatively low (200-500 OC) but 
the bonding quality is influenced by the surface roughness and planarity of the wafers. 
Anodic bonding has been a well-established process in MEMS industry. The bonding 
temperature is in the range of 300-550 OC and the process requires a good quality of the 
surface. Eutectic bonding is another low temperature process but is a technique with a 
reduced yield and extremely sensitive to contamination. Glass frit bonding starts to be 
used in industry, especially due to the low cost fabrication process, as an alternative to 
anodic bonding. It is considered to be a “dirty” process and for this reason is applied 
more on not active surfaces.   
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As compared with the above-mentioned techniques, adhesive bonding enables 
joining of silicon or glass wafers at much lower temperatures (usually below 200 °C). 
The technique is less dependent on the substrate material, particles, surface roughness 
and planarity of the bonding surfaces (Reuter et al., 2004). It offers a low-cost 
processing solution due to the opportunity of using standard microfabrication 
deposition and patterning together with the low demands on the wafer surface  
Several lithographic patternable materials such as bencocyclobutene (BCB), 
positive and negative photoresist have already been studied as intermediate layers for 
adhesive wafer bonding. Beside BCB, the epoxy-based negative photoresist SU-8 
shows positive results in bonding experiments (Oberhammer et al., 2003). The 
advantages of SU-8 are its flexibility of layer thickness up to several hundreds of 
micrometers, its high chemical and thermal stability as well as its good mechanical 
properties.  
In this section, an adhesive wafer-to-wafer bonding method using SU-8 
photoresist as an intermediate layer and contact imprinting as the deposition method is 
proposed. The proposed technique is suitable in applications where the classical 
method for coating (spinning) cannot be successfully used (wafers with non-planar 
surface or with free standing structures). 
4.6.2.2 Contact imprinting bonding  
For some application, the adhesive layer cannot be applied directly using 
classical spinning method. An example can be a cover die for a pressure sensor 
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bonded using SU-8.  If the adhesive layer is applied, for example, by spinning on 
one of the pressure sensor surface, the performance of the device can be affected by 
the modification of the elastic properties of the diaphragm, the stress induced in the 
piezoresistors and the diaphragm thickness. For this reason, a deposition of this layer 
on pressure sensor wafer is not possible. The deposition of the adhesive layer on 
silicon cover die by spinning is also not possible due to the non-planarity of the wafer 
(the cover wafer, has an etching area of 20 μm deep that allows the diaphragm 
deflection). For these reasons, the only solution available for an adhesive bonding is 
the stamping of a layer on one of the surfaces followed by the alignment and bonding 
process. 
The first step for the adhesive bonding process is the selection of the solution. 
The SU-8 negative photoresist is fabricated in a large range of viscosity according to 
the range of thickness of the targeted layer. For bonding application where a thin 
interlayer is desired, an adhesive with a low kinematic viscosity such as SU8-5 (265 
cSt) was selected. The thickness of the deposited layer can play an important role in 
the stress induced in the very sensitive MEMS structure (a thick adhesive layer can 
generate a high value of stress).  
The main steps of the contact imprinting bonding process are presented in 
Figure 4.38. For example, a cover wafer was bonded with a wafer with membranes. 
First a thin layer of SU8-5 is applied on a dummy silicon wafer that was first treated 
with HNO3 to obtain a hydrophilic surface. The SU8-5 photoresist was then spun in 
two steps (for a uniform thickness of the layer) using a CEE spin coater: 500 rpm / 15 
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seconds and 3000 rpm /60 seconds. The resultant thickness of the SU8-5 layer was 12 
µm (Figure 4.38a). The cover wafer was then brought in contact with the transfer 
wafer (Figure 4.38b). The detachment between these wafers (Figure 4.38c) was then 
performed on a vacuum hot plate at 150 OC using a blade. Heating the SU8-5 at this 
temperature (for a short time) will decrease the viscosity and help the release of the 
cover wafer. The adhesion of the SU-8 5 on the contact surface of the cover wafer 
was good (hydrophilic surface). In the next step, both structured wafers were aligned 
and brought in contact (Figure 4.38d) using an EVG mask aligner. The last step 
wafer-to-wafer bonding was performed on an EVG wafer bonder at a low temperature 
between 100 OC and 200 OC for 30 minutes with an applied force of 1000 N in 
vacuum (Figure 4.38e). 
 
Figure 4.38 a) Spinning of SU8-5 photoresist on a dummy wafer, b) contact imprinting 
of SU8-5 photoresist by attachment of cover wafer on the dummy wafer, c) detachment 
of cover wafer d) alignment and contact, e) wafer-to-wafer bonding 
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Figure 4.39 a) Spinning of SU8-5 photoresist on a dummy wafer, b) contact imprinting 
of SU8-5 photoresist on a Teflon cylinder, c) imprinting of SU8 from the Teflon cylinder 
on the wafer surface, d) alignment and contact, e) wafer-to-wafer bonding. 
Another technique was developed specifically for devices where the bonding 
area is large (more then 70%). In such cases, the adhesion between the dummy wafer 
and the bondable surface of the wafer will be high, resulting in detachment to be very 
difficult. A solution is to use a Teflon cylinder for transferring the SU8 adhesive. The 
process is illustrated in Figure 4.39. For the first step (Figure 4.39a), a large silicon 
wafer (6”) was used for the deposition of the SU8 photoresist. The wafer preparation 
and the deposition were similar with the process previously presented. The next step 
is the transfer of the adhesive layer onto the surface of a Teflon cylinder with a 
diameter of 38 mm and a length of 120 mm. The process is illustrated in Figure 4.40. 
In the next step, the cylinder is rolled on the bonding surface and the adhesive layer is 
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partially transferred onto this surface (Figure 4.39c). The last two steps of the process: 
aligning of the wafer (Figure 4.39d) and wafer bonding (Figure4.39e) are identical 
with the processes previously described in Figure 4.38. 
 
Figure 4.40 Imprinting of the SU8 layer from a dummy wafer (6”) to the Teflon 
cylinder 
The testing of this technique was performed on both planar and non-planar 
wafers (20 µm deep etched areas). For a quick view of the bonded surfaces, one of the 
bonded wafers was selected to be glass. In this way, unbonded areas can be observed 
without any special equipment. For the non-planar wafers, a square pattern 3 mm × 3 
mm on a square chip of 5 mm × 5 mm was etched 20 µm deep using deep RIE (Adixen 
AMS 100). The results show a fully bonded area even for non-planar wafers. Figure 
4.41 shows the cross section of bonded wafers.  The images were performed after the 
bonded wafers were diced on DISCO 3350 equipment. The dicing process can be 
considered as a bonding test - the bonding must be strong enough to resist the 
generated force during the dicing. In Figure 4.41a, a detailed image is presented with 
the resultant thickness of the adhesive layer. It can be observed that the thickness of 
Chapter 4 Design and fabrication of DEP devices with 3D silicon microchannel walls 
 157
the SU-8 layer after the bonding is around 2 µm. Figure 4.41b shows that the surplus 
adhesive is deposited in the vicinity of the bonded area (the cross-sectional area is 
around 20 µm × 20 µm). 
 
Figure 4.41 Optical image with cross section of a glass and silicon bonded wafers. 
Figure 4.42 presents the optical image with fully bonded and partially bonded 
areas. The yield of the bonding process was high (in the range of 95% to 100%), similar 
to the performance of anodic bonding technique. 
 
Figure 4.42 a) Fully bonded area and b) partially bonded area 
4.6.2.3. Characterization of the SU-8 layer and bonding technique  
For the wafer-to-wafer bonding process, a critical parameter is the stress 
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induced by the bonding technique resulting in the residual stress in the adhesive layer. 
The residual stress in the adhesive layer was measured using a classical stress 
measurement system (KLA Tencor). A 12 μm- thick SU-8 5 layer was deposited by 
spinning. After curing at 65 OC for 2 minutes and at 90 OC for 10 minutes the layer 
was UV exposed with a dose of 100 mJ/cm2. The results indicated tensile stress value 
in the range of 20 to 50 MPa. These values together with the good elastic properties 
(Young modulus in the range of 2 to 5 GPa) and high chemical and thermal stability 
(glass-transition temperature above 200°C) shows that SU-8 photoresist is a suitable 
material for wafer-to-wafer adhesive bonding. 
For bonding strength test, the fully bonded wafers were diced using DISCO 
3350 equipment into pieces of 6 mm by 6 mm. The dies were then tested on an Instron 
5858 microtester with a special design tool for shear strength measurement. The 
results indicated value in the range of 18-25 MPa for shear strength. 
4.6.2.4 Application: microfluidic devices 
The bonding technique described here has been used in the fabrication process 
of DEP chip with lateral inlet/outlet to perform the second bonding of the silicon 
wafer and glass wafer. This technique does not require the surfaces of the silicon to be 
polished, thus reducing the fabrication cost. The process assures a fully bonded area 
without bubbles. The residual quantity of SU-8 photoresist, which is extracted from 
the interface during adhesive bonding process (due to the applied bonding pressure) 
does not affect the effective functionality of the device. Figure 4.43 presents the 
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results of the wafer-to-wafer bonding process. On the top glass surface, at the corner 
between the top glass die and silicon walls, residual SU-8 can be observed. Figure 
4.44 shows the cross section through a microfluidic device fabricated in glass using 
adhesive bonding. The microfluidic channel is 20 μm deep.  
 
Figure 4.43 Microfluidic channel with bulk silicon walls and glass as ceiling and floor 
 
Figure 4.44 Microchannel performed using SU-8 photoresist adhesive bonding 
4.7. Conclusions 
Based on the duality of microchannel wall and electrode, a series of DEP 
systems with heavily-doped silicon microchannel wall, including DEP devices with 
top inlet/outlet, lateral inlet/outlet, two inlet/outlets and asymmetric electrodes have 
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been fabricated successfully. The advantages of these devices are: the electrodes 
bonded between two glass wafers that formed the ceiling and the floor of the 
microfluidic channel assure electrical leadouts that are free from the fluid leakage; 
and no electrochemical effects that arise from edge effects in multi-metallic 
electrodes.  
The advantages of the spray coating technique as compared to the conventional 
spin coating method for 3D microstructures with high topographical surfaces were 
highlighted. An optimized mixture of photoresist AZ4620: MEK: PGMEA (1:1.5:0.5) 
has been illustrated. With this solution, good coverage and uniformity of the photoresist 
are achieved not only on planar surfaces, but also along the sidewalls of the trenches. In 
order to achieve the ideal coverage of the photoresist layer, we have considered the 
effects of the geometries of the microstructures for special applications. We have 
proved that the area and depth of the trenches have little effects on the uniformity of the 
coated photoresist. With this technique developed from spray coating, we have 
successfully demonstrated selective metallization of Cr/Au for our MEMS device. 
Hence, we have proven that spray coating is indeed a viable approach to photoresist 
coating for different types of 3D structures. 
A new bonding technique using SU-8 negative photoresist as the adhesive layer 
and contact imprinting as the method for photoresist deposition has been proposed. The 
main advantages of this method are: low cost, high yield, low bonding temperature and 
low stress induced by the bonding process. The method is suitable especially when the 
classical spinning method cannot be performed due to the surface topography or device 
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functionality. Finally, the bonding process has been successfully tested in the 
fabrication of a DEP chip.  
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Chapter 5 Testing and application of DEP systems with 3D 
silicon microchannel walls 
In this chapter, we will explore the applications of DEP chips with 3D silicon 
microchannel walls for cell manipulation. The functions of a series of fabricated DEP 
chips with 3D silicon electrodes, such as DEP devices with top inlet/outlet, lateral 
inlet/outlet, two inlet/outlets, and a DEP device with asymmetric electrodes will be 
tested using yeast cells. Next the trapping efficiency of DEP device with 3D electrodes 
will be derived by experiments. Finally, separation of different populations of cells, 
viable and non-viable yeast cells will be performed by both sequential field-flow cell 
separation method using DEP chip with 3D electrodes and bidirectional separation 
using a dielectrophoretic chip with 3D electrode array and two inlet/outlets. 
5.1 Sample preparation 
At first, we need to prepare the viable yeast cells. 100 mg of yeast, 100 mg of 
sugar and 2 ml DI water were incubated in an Eppendorf tube at 37 °C for 2 hours. The 
cells were then concentrated by centrifugation at 1000 rpm for 1 minute. The 
supernatant solution was then removed and the cell pellet was washed by adding 2 ml of 
DI water into the tube. The centrifugation and washing process was repeated three 
times before the cells were collected and resuspended in the separation buffer, which 
was a mixture of phosphate buffered saline (PBS) and DI water. The conductivity of the 
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separation buffer was about 5 μS/cm.  
5.2 Experiment setup 
The experiment setup is shown in Figure 5.1. A microscope with a CCD camera 
was used to monitor the cell movement inside the DEP device. A function generator 
with a sinusoidal wave output was used to generate the drive signal. A linear amplifier 
was used to amplify the output voltage of the function generator in order to drive the 
DEP device. Prior to injecting the cell suspension into the device, the protocol was to 
assure that the function generator and amplifier were powered on with their outputs set 
to the minimum.  
 
Figure 5.1 Experiment setup 
5.3 Test of the DEP devices 
The drive signal was increased from 0 to 25 V peak to peak gradually.  The signal 
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reached 10 V peak to peak, cells began to move towards the tip of the DEP electrodes, 
where the electric field gradient was highest.  As the actuation voltage increased, the 
cells moved faster. For a 25 V peak to peak voltage, a stable equilibrium cell 
concentration pattern was achieved in 10-13 seconds. Figure 5.2 shows the trapping 
results of a DEP device with triangle electrodes and top inlet/outlet. The device was 
free from electrical dead volumes. The majority of the cells were concentrated in the 
strongest electric field region around the electrode tips. Since the cells are concentrated 
together in the highest electric field area, they can also be easily lysed, if required, by 
electroporation [Ramadan et al., 2006].  
 
Figure 5.2 Cells are concentrated in 10-13 seconds (Positive DEP) for DEP chip with 
top inlet/outlet: (a) before and (b) after applying voltage 
The advantage of electrical dead volume free performance is clearly illustrated by 
comparing trapping patterns with a “classical” DEP chip. This is shown in Figure 5.3. 
In the classical chip, particles directly above the 2D electrodes do not experience a 
strong DEP force and cannot be manipulated. This scenario is impossible in our device 
and is therefore a key advantage.  
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Figure 5.3 Cell concentration in a classical DEP chip 
Figure 5.4 shows the trapping positioning of the yeast cells for negative DEP in a 
DEP device with semi-circular electrodes. For this experiment, the concentration of the 
cells was 1×106 cell/ml, the applied voltage was 20 V peak-to-peak, while the frequency 
was around 40 KHz,   
 
Figure 5.4  Negative DEP: yeast cells are concerntrated in the lowest electric field 
region (a) before and (b) after applying voltage 
The performance of DEP chip with lateral inlet/outlet is shown in Figure 5.5. 
After the voltage is applied, most yeast cells are concentrated at the highest electric 
field regions around the electrode tips (positive DEP) when the signal frequency was 
around 150 kHz, whereas most cells are concentrated at the lowest electric field regions 
around the electrode valley (negative DEP) when the signal frequency was around 40 




Figure 5.5 Yeast cells concentrated in 10 s (a) positive DEP; (b) negative DEP for DEP 
chip with lateral inlet/outlet 
Figure 5.6 shows the test performance of DEP chip with two inlet/outlets. When a 
peak-peak 20V voltage is applied, most of the cells move to the highest electric field 
regions (Positive DEP) in around 20 seconds.  
 
Figure 5.6 Cells concentrated in 20 seconds (Positive DEP) for DEP chip with two 
inlet/outlets: (a) before and (b) after applying voltage 
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The performance of DEP device with asymmetric electrodes is shown in Figure 
5.7. A unique characteristic of this device can be observed through the experimental 
results; when the yeast cells experiences positive DEP, they are only trapped by the thin 
electrode, not symmetrically distributed by both thin electrode and thick electrode. 
When negative DEP was generated (for a frequency of 40 kHz and a voltage 15 V), the 
cells were located in a plane at a distance of around 35-40 µm (measured using the 
microscope focusing) from the bottom of the channel (which was 100 µm deep). The 
positioning of the cells almost in the middle of the microfluidic channel can be used for 
the separation techniques of different cell populations –a review of these techniques is 
presented in (Hughes, 2002) 
.  
Figure 5.7 Yeast cells trapped in the highest electric field regions around thin electrode 
tips due to positive DEP 
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5.4 Trapping efficiency of DEP devices with 3D silicon 
electrodes 
Further experiments were carried out to investigate the trapping efficiency of the 
DEP chip. The trapping efficiency of the device can be defined as the percentage of the 
cell trapped by the DEP device from the total amount of the cells flown through the 
device. Therefore the initial and final concentrations of the cells before and after 
flowing through the microfluidic device were determined. Cell counting was carried 
out with a Neubauer haemocytometer.  By setting the flow rate of the buffer solution at 
0.1 ml/min while using different voltages (5V, 10V, 15V and 20V), experimental results 
of trapping efficiency versus different voltage is plotted as shown in Figure 5.8. For 
each voltage, three measurements were performed. The graph was plotted with the 
average value of these measurements. One interesting phenomenon to note for this 3D 
silicon electrode DEP chip is that, even with a low applied voltage of 5V, a high 
trapping efficiency of around 70% can still be achieved. Compared to the classical DEP 
devices with planar electrodes, the proposed solution with 3D electrodes greatly 
improves the trapping efficiency of particles, hence providing a practical application 
for manipulation of particles in a large volume. This can be attributed to the constant 
distribution of DEP force in the vertical direction for the structure with 3D electrodes 
while for the planar structure, the DEP force decreases with the height.  























Figure 5.8. The relationship between trap efficiency and applied voltage 
Another experiment was setup to investigate the effect of trapping efficiency 
when different flow rates of the sample solution are used. The trapping efficiency was 
tested for 0.1 ml/min, 0.3 ml/min, 0.5 ml/min and 1 ml/min. The applied voltage was 
20V. For each value of the flow rate, 3 measurements were performed. The graph was 
plotted with the average value of the measurements. The results, presented in Figure 5.9, 
show a decrease in trapping efficiency with an increase in solution flow rate. This can 
be explained by the increased hydrodynamic force that acts on the cells due to the 
increased velocity of the fluid. It is interesting to note that, at a high flow rate of 
1ml/min, the 3D silicon electrode DEP chip can still achieve a trapping efficiency of 
more than 60%. 



























Figure 5.9. The relationship between trapping efficiency and flow rate of fluid 
5.5 Separation of viable and non-viable yeast cells 
 For the testing of the system performance, two populations of yeast cells - viable 
and non-viable were divided into two populations with one population immersed in 
boiling water for several minutes in DI water (dead cells). Then the cells were 
recollected by centrifugation. Both populations were mixed and resuspended in the 
separation buffer, which was a mixture of phosphate buffered saline (PBS) and DI water. 
The conductivity of the separation buffer was about 5 μS/cm. The final concentration of 
the cells was 1 × 107cells/ml. 
Figure 5.11 showed the separation processes for viable and non-viable yeast cells 
in a DEP chip with triangular electrode and top inlet/outlet. Initially, the mixture of 
viable and non-viable yeast cells was injected into the micro channel (Figure 5.10a). 
Next the trapping of the two populations of cells by positive and negative DEP was 
achieved with an applied voltage of 20 V (peak to peak) in 20 seconds (Figure 5.10b). 
After that, the non-viable yeast cells that were trapped by positive DEP were swept out 
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by fresh buffer solution (Figure 5.10c). Finally, viable yeast cells were swept out. 
 
Figure 5.10 Yeast cell separation using sequential field-flow separation method in a 
DEP chip with 3D silicon electrode and top inlet/outlet 
In order to test the efficiency of the DEP device, yeast viability was determined 
using the Live/Dead Yeast cell viability kit from Molecular Probes (Invitrogen) 
following the method as described in the instruction manual.  Briefly, yeast cells (~106 
cells/mL) were stained with 20 μM of FUN 1 cell stain in sterile solution containing 4% 
D-(+)-glucose and 10mM of Na-HEPES (pH 7.2).  The cell suspension was then 
mixed thoroughly and incubated in the dark for approximately one hour to allow 
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sufficient amount of stain to diffuse into the cytoplasm and nucleus of the cells. After 
this, 10 μL of the stained yeast suspension was loaded into the cell counting chamber of 
the haemacytometer.  The cells were then observed with an Olympus IX71 microscope 
using the blue fluorescent cube with an excitation wavelength of about 480 nm and 
emission wavelength > 520 nm for the FUN 1 cell stain.  
The ratio of viable and nonviable yeast cells was then determined before passing 
the cell suspension into the DEP chip. The initial ratio between the percentage of viable 
and nonviable yeast cells was 42%/58% (an image is presented in Figure 5.11a). With 
the device powered at an AC voltage of 20 V at a frequency of 20 kHz, the cell 
suspension was then pumped into it. After the separation process the proportions of 
viable and nonviable yeast cells were noted using the fluorescence imaging technique 
together with the haemacytometer. As observed in Figure 5.11b, the ratio between 
viable and nonviable cells changes drastically in such a way that the percentage of the 
non-viable cells increases (more than 80%), while the percentage of viable cells 
decreases (less than 20%). This proved clearly that the separation of the two 
populations can be achieved. Sure, the geometry of the electrodes and the geometry of 
the microfluidic channel can be further optimized.    
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Figure 5.11 Optical image with the ratio between nonviable (red color) and viable 
(green color) yeast cells (a) before insertion of the solution in the DEP 
device (b) after the separation process 
Bidirectional cell separation in a dielectrophoretic chip with silicon electrode 
array and two inlet/outlets was shown in Figure 5.12. The mixture of viable and 
non-viable yeast cells was injected into the micro channel (Figure 5.12a); non-viable 
yeast cells experiencing positive DEP move to the highest electric field regions and 
viable yeast cells experiencing negative DEP move to the lowest electric field regions 
(Figure 5.12b); Then viable yeast cells were swept out from one inlet/outlet (Figure 
5.12c) with non-viable yeast cells swept out from the other inlet/outlet at the final stage. 
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Figure 5.12 Yeast cell separation using bidirectional separation method in a DEP chip 
with silicon electrode array and two inlet/outlets 
5.6 Conclusions 
 In this chapter, the performances of a series of fabricated DEP chips with 3D 
silicon electrodes including DEP devices with top inlet/outlet, lateral inlet/outlet, two 
inlet/outlets, and a DEP device with asymmetric electrodes have been successfully 
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tested using yeast cells. Experimental results showed that such DEP chips with 3D 
silicon electrodes can achieve a high trapping efficiency even at a low applied voltage 
or a high flow rate. Finally the mixture of viable and non-viable yeast cells has been 
successfully separated by both sequential field-flow cell separation method using DEP 
chip with 3D silicon electrode and also bidirectional separation in a dielectrophoretic 
chip with 3D electrode array and two inlet/outlets. This provides a great potential to 
practically separate binary and even multi-population cells in biological and medical 
applications. 
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Chapter 6 Conclusions 
This chapter summarizes the research work described in this thesis and its main 
contributions to this field of research. Recommendations for future work are also 
proposed in this section. 
6.1 Summary of the research work and contributions 
 Based on the dual functionality of the microchannel wall as electrodes, a series of 
DEP systems with 3D heavily-doped silicon microchannel walls, including DEP 
devices with top inlet/outlet, lateral inlet/outlet, and two inlet/outlets have been 
designed and fabricated successfully. Compared to other devices, these devices 
eliminate the need for a separate channel wall material and minimize the dead 
volumes. The use of silicon electrode eliminates the electrochemical effect that 
may arise from multi-layer metallic electrodes. The greatest advantage of this idea 
is that a uniform force distribution crosses the volume of the microfluidic device in 
the direction normal to the wafer plane so that particles suspended at any height can 
be trapped. This provides a strong basis for practical manipulation of cells with a 
high trapping efficiency. 
 A DEP device with asymmetric electrodes where one electrode is a thin film and 
the other one is extruded has been designed and fabricated successfully. The 
asymmetric electrode in the vertical plane generates an asymmetry in the electric 
field and gradient of the electric field that trap the particles –for positive DEP- 
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near the thin electrode (where the gradient of the electric field is strongest). This 
is a unique characteristic for a DEP device where the gradient of the electric field 
is generated by changing the electrode’s shape. The device was successfully 
tested with yeast cells.  
 Numerical simulations to investigate the effects of DEP force and Joule heat for 
both DEP devices with classical planar electrode and 3D electrodes have been 
carried out. Simulation data suggests that classical devices with planar electrodes 
suffer a decreasing DEP force profile with respect to an increase in height above 
the electrode surface. Whilst, devices with 3D electrodes exhibit a constant DEP 
forces profile independent of the positions. It was also found that the change in 
temperature is 8-10 times lower in device with 3D electrodes as compared to those 
classical DEP devices with planar electrodes, which is a critical feature for cell 
manipulations. 
 Numerical simulations to investigate the effects of DEP force and Joule heat for 
both DEP device with classical planar electrodes and asymmetric electrodes have 
been carried out. It can be noticed that the vertical component of the DEP force is 
almost double for the proposed solution in comparison with a typical planar 
structure. Furthermore, simulation results showed that the change in temperature 
of asymmetric electrode is about 2 times lower than those classical DEP devices 
with planar electrodes.  
 The effects of the different electrode configurations on the electric field 
distribution and the gradient of the square of the electric field were discussed and 
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analyzed by electrostatic modeling of a DEP chip with 3D electrodes. The results 
suggested that the electrode configuration will generate a gradient of electric field 
distribution and the geometries of the electrode configuration have a great 
influence on the motion of the particles. 
 A CFD modeling of the device was built and the fluid velocity profiles of 
different electrode configurations were discussed. The results showed that this 
device will generate a gradient of fluid velocity profile within the microchannel 
volume and the geometries of the electrode configurations are important factors 
in determining the motion of the particles. 
 Temperature distributions of fluid for different electrode configurations were 
simulated and analyzed. The results suggested that for low conductivity medium, 
we can neglect Joule heating effects and the geometries of the electrode 
configurations have little influence on the temperature rise of the fluid. 
 A practical optimization approach for photoresist mix and a reliable method to 
improve the quality of the photoresist coated not only on the planar surface but also 
at the edges and sides of the slopes within the trenches have been developed. An 
optimized mixture of photoresist AZ4620: MEK: PGMEA (1:1.5:0.5) has been 
identified. With this solution, good coverage and uniformity of photoresist are 
achieved not only on planar surface, but also along the sidewalls of trenches. In 
order to achieve the ideal coverage of photoresist layer, we have considered the 
effects of the geometries of the microstructures for special applications. We have 
proven that the area and depth of the trenches has little effects on the uniformity of 
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the coated photoresist. With the technique developed from spray coating, we have 
successfully demonstrated metallization of Cr/Au for our MEMS device. Hence, 
we have proven that spray coating is indeed a viable approach to photoresist 
coating for different types of 3D structures. 
 A new bonding technique using SU-8 negative photoresist as the adhesive layer 
and contact imprinting as the method for adhesive layer deposition has been 
developed. The main advantages of this method are: low cost, high yield, low 
bonding temperature and low stress induced by the bonding process. The method is 
suitable especially when the classical spinning method cannot be performed due to 
surface topography or device functionality. The bonding process was successfully 
tested for our devices.  
 A new sequential field-flow separation method in a dielectrophoretic chip with 3D 
silicon electrodes has been presented. A unique characteristic of our chip is that the 
walls of the microfluidic channels are also the electrodes. This property confers the 
opportunity to use the electrodes shape not only for generation of a electric field 
gradient required for dielectrophoretic force, but also to produce a gradient of fluid 
velocity. This interesting combination gives rise to a new solution for 
dielectrophoretic separation of two cell populations. The new sequential field-flow 
separation method consists of four steps. First, the microchannel is filled with the 
cell mixture. Second, the cell populations are trapped in different locations of the 
microfluidic channels. The population which exhibits positive dielectrophoresis is 
trapped in the regions where the distance between the electrodes is the minimum 
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whilst the other population that exhibit negative dielectrophoresis is trapped in the 
regions where the distance between the electrodes is the maximum. In the next step, 
increasing the flow in the microchannels will result in an increased hydrodynamic 
force that sweeps the cell population trapped by positive dielectrophoresis out of 
the chip. In the last step the electric field is removed and the second population is 
swept out and collected at the outlet. Our experiment demonstrated the feasibility 
of this method. 
 A bidirectional cell separation in a DEP chip with 3D electrode array and two 
inlet/outlets has been proposed. Initially the mixture of cells is injected into the 
microchambers. Next, particles experiencing positive DEP and negative DEP will 
be trapped by different regions of electrodes. Cells experiencing negative DEP 
will then be swept out from one inlet/outlet while cells experiencing positive DEP 
will be swept out from the other inlet/outlet. 
6.2. Future work 
Further work can be done in the future. 
 Currently the devices consist of three layers: glass-silicon-glass. However, the 
processing of glass involves many difficult and dangerous processes. For example, 
a glass wafer with a thickness of 500 μm needs to be thinned to 100 μm. This causes 
the non-uniformity and roughness of the glass surface. Furthermore, glass pattern 
which requires to be wet etched in hydrofluoric acid is a very dangerous process. 
These cause low productivity and long duration of fabrication. If the glass can be 
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replaced by a polymer, the time and complexity of the fabrication process could be 
greatly reduced and the cost of the devices would be greatly decreased. 
 The devices should have a great potential for manipulation of high volume 
sub-micro particles such as viruses, DNA, and nano-particles. As it is known, the 
DEP force is proportional to the cube of the particle size. The problem of 
providing a strong DEP force to trap sufficient sub-micron particles has yet not 
been solved for classical devices. Another problem that needs to be considered for 
sub-micro particles is the existence of Brownian motion. Brownian motion arises 
due to the temperature rise of the fluid. In order to reduce the effects of Brownian 
motion on the motion of particles, we must reduce the Joule heating effect inside 
the fluid. DEP chip with 3D silicon electrodes provides an optimal choice for the 
manipulation of sub-micro particles due to its increased DEP force and reduced 
Joule heating effect.  
 The devices might provide a practical way to separate red and white blood cells 
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